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Bi = biphenol (see Scheme 1.1 for structure)
BSA = bisphenol A (see Scheme 2.1 for structure)
BuLi = butyllithium
CHP N-cyclohexyl-2-pyrrolidone (see Scheme 
structure)
1.2 for






D.F. = degree of functionalization
DSC = differential scanning calorimeter
FT = fourier transform
Hq = hydroquinone
IC = integrated circuit
ri = intrinsic viscosity




NHP = N-hydroxymethylphthalimide (see Scheme 
structure)
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structure)
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NMR ~ nuclear magnetic resonance
ppm = parts per million
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RIE = reactive ion etching
TBH = tertiary butyl hydroquinone
TFA = trifluoroacetic acid




ULSI = ultra large scale integration
VLSI = very large scale integration
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Abstract
Poly(arylene ether sulfones) were synthesized by 
aromatic nucleophilic polymerization of the monomers; 4,4'- 
biphenol, 4-chlorophenyl sulfone, hydroquinone, and tert- 
butylhydroquinone. Different conditions of temperature and 
solvent systems were used to determine the best synthetic 
approaches for the preparation of poly-(4,4'-biphenol/ 
4-chlorophenyl sulfone) (1:1), poly-(4-4'-biphenol/ 
4-chlorophenyl sulfone/hydroquinone) (1:2:1), and poly 
(4-41-biphenol/4-chlorophenyl sulfone/tert-
butylhydroquinone) (1:2:1). The use of aprotic high boiling 
solvent mixtures of N-methyl-2-pyrrolidone (NMP), and N- 
cyclohexyl-2-pyrrolidone (CHP), facilitated the formation of 
polymers with structures which can easily be controlled by 
varying the ratio of monomers, and by varying the 
concentration of reactants.
The polymers were functionalized and modified by 
silylation, amination and aminomethylation. Directed 
silylation by electrophilic substitution ortho to the ether 
group was effected by bromination, followed by lithiation 
with butyllithium before quenching with chlorotrimethyl- 
silane. Silylation ortho to the sulfonyl group was effected 
by metal hydrogen exchange with butyllithium before 
quenching with chlorotrimethylsilane. A maximum of two 
trimethylsilyl substituents can be introduced for every 
repeat unit.
xvii
Modification by amination was accomplished by the 
introduction of a nitro group and subsequent reduction of 
the nitro group to an amine. Sodium dithionite was more 
effective than sulfur/sodium borohydride, or titanium 
tetrachloride/lithium aluminum hydride as a reducing agent. 
Degrees of functionalization up to 2 amino groups per repeat 
unit were achieved.
Aminomethylation was performed in a two step process. 
The first step involved introduction of an 
N-methylphthalimide substituent by condensation of the 
activated arylene repeat units with N-hydroxymethyl- 
phthalimide in the presence of a highly protic solvent 
mixture, trifluoroacetic acid and trifluoromethanesulfonic 
acid. The second step involved hydrazinolysis to cleave the 
phthalimide group and to release aminomethyl substituents.
The polymers and their functionalized derivatives were 
characterized by 1H and 13C NMR, infrared spectroscopy 
(FT-IR), differential scanning calorimetry (DSC), and 
viscosity measurements. 13C NMR chemical shifts calculated 
from additivity rule were compared with the assigned 
chemical shifts. The spectroscopic results are consistent 
with the assigned structures.
The glass transition temperatures (Tg) of the polymers 
were compared with predicted values based upon molar 
additivity of incremental values for the structural units.
As predicted, tert-butyl substituents raised the Tg while
xviii
introduction of the more flexible trimethylsilyl groups 
reduced the Tg's compared to unsubstituted polymers.
xix
CHAPTER 1
SYNTHESIS OF POLY(ARYLENE ETHER SULFONES)
1
1.1 Introduction
The growth of polymer science and technology in the 
last 50 years has been phenomenal. Advances in the field of 
natural polymers such as celluloses, proteins, starches, 
rubbers, gums and their derivatives have led to a better 
understanding of the functions of these polymers in animals 
and plants. Wood, rubber, cotton, silk, leather, and paper 
have been used by man to make weapons, tools, clothing and 
shelter long before the word "polymer" and "macromolecule" 
were coined. As the needs of mankind increased and became 
more sophisticated, these natural polymeric materials were 
augmented by synthetic polymers. The discovery of 
vulcanization of natural rubber1 in 1839 led to the 
development of an entirely new class of synthetic polymers, 
the "plastics".
Synthetic polymers may be rigid, semirigid or soft. 
Based upon their specific frameworks, they may be used as 
fibers, thermoplastics, or elastomers. The ease of 
synthesis and extended application of synthetic polymers has 
allowed the production of synthetic materials to dwarf the 
production of natural polymers. In this electronic age, 
synthetic polymers have become an integral part of both 
simple and intricate materials2, such as membranes, foams, 
medicinals, conductors, insulators, fibers, and films, which 
we may require either in our mundane day-to-day activities 
or in the operation of highly sophisticated devices. The
quality of life would never be as good without them.
Polysulfone was first introduced in 1965 as a component 
of electronic and electrical systems3. Polysulfones belong 
to a special class of condensation polymers known as 
poly(arylene ethers), a relatively new class of engineering 
thermoplastics which have recently gained commercial 
importance. The more common trade names of these materials 
are Bis-S-Polyether by ICI4, Astrel 360 by 3M5, and Udel 
and Radel by Union Carbide6. These polymers are tough, 
rigid materials with good mechanical properties over a wide 
temperature range7.
Poly(arylene ethers) exhibit excellent thermal8, 
hydrolytic9, oxidative, and dimensional stability. Their 
electrical properties have also been studied10. In a 
study11 of the thermal degradation in vacuum of polymers 
containing aromatic or heterocyclic rings linked by various 
groups, the most stable linkages were carbonyl (-C0-), 
sulfonyl (-S02-) , or the mixed -S02- and -0-. The study 
further showed that the stability of these polymers was 
comparable to or even superior with those of poly-p- 
phenylene and poly-m-phenylene.
Non-sulfone-containing poly(arylene ethers) were first 
prepared by the Ullman condensation reaction12. Although 
the preparation of non-sulfone-containing polyethers is not 
a trivial task, significant progress has been made in the 
preparation of high molecular weight polyethers by a
modification of the Ullman reaction13. This process 
involves the use of the cuprous ions14 as the active 
catalyst for a nucleophilic aromatic substitution reaction.
Sulfone-containing poly(arylene ethers) are easier to 
prepare because the electron withdrawing sulfonyl group 
(-S02-) activates aromatic halides for nucleophilic aromatic 
substitution. Reaction of bis-phenoxides in the presence of 
a suitable base with bis-aryl halides at elevated 
temperatures can be employed to produce high molecular 
weight poly(arylene ether sulfones) with diverse structures. 
The physical properties of these materials can be controlled 
by variation of the bis-phenol structure.
Poly(arylene ether sulfones) are used commercially as 
engineering resins15. These polymers, commonly known as 
"polysulfones" are used primarily for applications that 
require resistance to heat and radiation degradation such as 
appliances and electronic parts, films, slabs, reinforced 
copper clad laminates for printed wiring boards, parts of 
spacecrafts and as resist for microlithography16.
1.2 Approaches to the Synthesis of Poly(arylene ether 
sulfones)
Interest in the production of new heat resistant 
polymers is directed mainly towards the preparation of 
thermoplastics which contain aromatic or alicyclic rings in 
the backbone of the macromolecule17. The presence of the
aromatic or alicyclic rings improves the chemical and 
thermal stability of the polymers at high temperatures by 
decreasing the intrinsic flexibility of the chains18.
All aromatic polymers exhibit good thermal stability with 
retention of mechanical properties at temperatures as high 
as 800° C. The desired tractibility can not be attained as 
most of the polymers showed no sign of softening below 
400° C. The solubility cf these aromatic polymers were also 
limited to corrosive liquids such as sulfuric acid. Since 
polymers composed solely of aromatic rings are brittle and 
intractable19, the introduction of flexible linkages, such 
as -NHCO- of the polyamides20, -O- of the poly(phenylene 
oxides)21, -CH2- and -CH2CH2-22, -CO- of the polyketones and 
—S02- of the polysulfones11 is required to provide useful 
materials.
A second approach to improve the solubility of 
polysulfones involves the introduction of alkyl substituents 
on the aromatic nuclei23. The most common substituents are 
methyl groups, ie., dimethyl or tetramethyl bisphenol A 
units. The presence of the methyl groups hinders chain 
rotation which results in a significant increase in the 
glass transition of the polymer relative to the 
nonmethylated analogues24. The activity of the benzylic 
hydrogens on the methyl groups can be exploited in radiation 
crosslinking reactions25. Further, methyl substituents 
provide reactive sites for additional post reactions on the
polymer, such as halogenation, oxidation and metalation.
Cudby and co-workers26, introduced a procedure for the 
preparation of poly(arylene ether sulfones) by electrophilic 
substitution polymerization. A Friedel-Crafts condensation 
of arylene monosulfonyl chloride monomers in presence of 
catalytic amounts of ferric chloride produced low molecular 
weight soluble polymers. However, soluble polymers with 
high molecular weights could not be obtained using this 
procedure due to concommitant branching and crosslinking 
side reactions. Multiple additions to the aromatic backbone 
became dominant, when electrophilic substitution 
polymerizations were conducted at elevated temperatures27.
Johnson, Farnham and associates10 developed the most 
successful procedure for the preparation of high molecular 
weight polysulfones. Their process involves the preparation 
of polysulfones by the condensation of a dialkali metal salt 
of a dihydric phenol with an "activated" aromatic dihalide 
in the presence of an aprotic solvent at elevated 
temperatures. The reaction is rapid, free of side 
reactions, and yields polymers, which are amorphous, rigid, 
tough thermoplastics, and can be cast into molds and 
processed.
Polymerization rates are dependent on the basicity of 
the bisphenol salt and upon the electron-withdrawing power 
of the activating group in the dihalide. The order of 
reactivity of halide displacement is F>>Cl>Br>I28, which is
the reverse of the order observed using the Ullman reaction. 
Aryl fluorides can be used to prepare exploratory polymers 
on a laboratory scale but fluoride derivatives are too 
expensive to use in commercial processes. Fortunately, aryl 
chlorides are sufficiently reactive to allow the synthesis 
of poly(arylene ether sulfones) in large scale preparations.
Changes in mechanical properties of the polymers 
especially in the glass transition temperatures can be 
effected by simply varying the polarity of the connecting 
link between the phenol rings of the bisphenol29 and that 
of the activated dihalide. Robeson and associates30 
prepared polymers with broad range of structural variations. 
Variously substituted bisphenols31 were condensed with 
4-chlorophenyl sulfone in either anhydrous chlorobenzene or 
DMSO. Reactions were carried out from 3 0 minutes to 6 hours 
at 160° C. The order of reactivity of the bisphenols was 
dependent on steric factors; bisphenols with isopropyl 
substituents ortho to the phenoxide were much less reactive 
than bisphenols analogously substituted with methyl groups. 
Similarly, tetramethyl substituted bisphenols were less 
reactive than dimethyl derivatives.
Interfacial condensation32,33 has been applied to the 
synthesis of polysulfones. Bisphenols were condensed with 
activated chloroaromatics in a two-phase solvent system; a 
phase transfer catalyst was used to promote the reaction. 
Although polymer formed, it was not possible to produce
molecular weights comparable to those formed in homogeneous 
systems.
The use of polar aprotic solvents is critical to the 
success of aromatic nucleophilic displacement reactions 
because it is necessary to maintain a homogeneous 
polymerization process. Premature precipitation of the 
polysulfone reduces the molecular weight attained 
significantly. The most commonly used reaction media for 
these polycondensations are dimethyl sulfoxide (DMSO), 
sulfolane, or dimethylacetamide. These solvents can be 
employed at reaction temperatures as high as 200 °C. For 
polymerizations which require more extreme conditions 
diphenylsulfone34,35 can be used at temperatures up to 
300 °C. Typical of reactions involving condensation 
polymerization, water and other competing nucleophiles must 
be removed as the reaction proceeds if high molecular weight 
polymers are to be obtained. For the preparation of 
poly(arylene ether sulfones) removal of water is achieved 
initially by azeotropic distillation with toluene. When the 
more volatile monomers have been converted to oligomers the 
polymerization temperature can be raised without disrupting 
the stoichiometry. The toluene cosolvent is distilled from 
the reaction media and the reaction is driven to completion 
by holding the mixture at 200-300 °C until the desired 
viscosity is attained.
A disadvantage of solution polymerization processes is 
the need to purify the polymer by precipition and to recover 
the expensive high boiling solvents. An attempt35 to prepare 
polysulfones in the absence of a solvent by the melt 
condensation of metal bisphenolates and fluoroaromatics or 
chloroaromatics at temperature range of 280-320° C was 
reported. Viscosity measurements on the resultant polymers 
suggest that the molecular weights obtained using this 
procedure were lower than those attainable in suitable 
solvents. Removal of the metal halide by-product also 
presented a problem if isolation of pure polymer was 
desired.
Kricheldorf and associates were able to successfully 
synthesize aromatic poly (ether ketones) 36,37, linear and 
branched poly(hydroxy benzoates)38, and poly(ether 
sulfones)39,40 with high molecular weights in high yield in 
solvent free systems. The secret to this approach is the 
use of silyl protected bisphenols in place of the bis-alkali 
metal salts. Silyl groups are good protecting agents for 
functional groups like hydroxyls (-0H-), carbonyls (-CO-), 
and amines (-NH2-) against electrophilic attack. At 
temperatures above 100° C, these silyl groups can be 
displaced by fluoride ions either present as catalysts41 or 
produced by the condensation reactions. The by-product from 
the melt polymerizations conducted in the presence of cesium 
fluoride catalyst is trimethylsilyl fluoride, which is
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non-polar, volatile and easy to remove from the molten 
polymer by distillation. When the polymerization is 
completed, pure molten polymer ready for subsequent 
fabrication steps remains in the reactor.
The order of reactivity of the phenols parallels the 
nucleophilicity of their corresponding phenolate anions. 
However, the chloro and bromo derivatives of the dihalides 
failed to yield high moleular weight products, thus 
fluoroaromatics are required as monomers in bulk 
condensation reactions42. Short reaction times are also 
required since extended reaction times at high temperatures 
lead to crosslinking. The optimum results are obtained at 
temperature ranges as high as 320-340° C, and reaction times 
of 2-3 hours. The main advantage of this procedure is that 
the molten polymer can be processed directly. This 
procedure may also be employed successfully for the 
preparation of block copoly(arylene ethers), since the use 
of the silylated biphenols prevent ether interchange 
reactions that are common in direct nucleophilic aromatic 
substitution polycondensations40. With this procedure, 
Hedrick and associates43 were able to synthesized ABA 
triblock polymers of polyphenylene oxide and poly(arylene 
ether sulfone), which can be used as potential modifiers for 
polystyrene and related structures.
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1.3 Synthesis of Poly(oxy-4,4'-biphenyleneoxy-188 , 4 8 8 -  
phenylenesulfonyl-1 8 8 8 , 4 8 8 8 -phenylene), (Bi PSF), [l].
Linear all-aromatic polysulfones with completely para 
enchainments exhibit optimum resistance to harsh 
environments such as ultraviolet (UV) and ionizing 
radiation 44>45. Among a series of all aromatic 
polysulfones, Bi PSF, [1] prepared by the condensation of 
the monomers, 4,4'-biphenol and 4-chlorophenylsulfone, is 
the most resistant to gamma radiation46.
Synthesis of polysulfones based upon bisphenol-A 
monomers is easy to achieve in K2C03/DMAC or aqueous 
caustic/DMSO mixtures. Application of similar 
polymerization conditions to the synthesis of Bi PSF leads 
to low molecular weight polymer, because phenate salts of 
biphenol and hydroquinone are insoluble in DMSO. To achieve 
high molecular weights and to prevent premature 
precipitation of the polymer, alternative high boiling 
aprotic solvents must be used. These solvents must solvate 
all reactive monomeric species and the growing polymer 
chain.
Mohanty, Hedrick and co-workers47, prepared a series 
of high molecular weight all-aromatic polysulfones using an 
N-methyl-2-pyrrolidone (NMP)/potassium carbonate (K2C03) 
reaction medium (Scheme 1.1). By slowly raising the 
reaction temperature to refluxing NMP (bp. 202° C) , a 
homogeneous polymerization was effected in relatively short
reaction times. The weakly basic potassium carbonate 
minimizes the hydrolytic side reactions of aryl halides that 
occur in the presence of strong nucleophilic bases like 
sodium hydroxide48. Continuous removal of water formed 
during the initial phases of polymerization reaction can be 
effected by azeotropic distillation with toluene. Polymers 
with intrinsic viscosities ranging from 0.30 to 0.60 were 
obtained using NMP as solvent for the preparation of Bi PSF.
The color and appearance of the resulting polymers 
varied from beadlike to fibrous off-white materials at lower 
viscosities (rj <0.5) to tan or brownish powders at higher 
viscosities (r] >0.5). Polymers with low viscosities were 
observed to be soluble in halogenated hydrocarbons, NMP, 
DMSO, THF, and DMF, while polymers with higher viscosities 
were only slightly soluble in NMP. The formation of 
crystalline structures in higher molecular weight materials 
limited their solubility49. Regular alternation of the 
biphenyl units with -S02- and -0- groups yields a structure, 
which packs easily into a crystalline morphology. The 
crystalline morphology becomes more dominant at higher 
molecular weights. Complete removal of NMP from the polymer 
is not easy; repeated precipitation from methanol/water 
mixture is needed. Residual NMP acts like a plasticizer so 
the chains are sufficiently mobil to crystallize.
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Scheme l.luy Synthesis of Poly(oxy-4,4•biphenyleneoxy- 
1> •,4'•-phenylenesulfonyl-1•1',4'1•-phenylene), (Bi PSF),[1].
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1.4 Synthesis of Poly(oxy-4,4'-biphenyleneoxy-1'1,4'•- 
phenylenesulfonyl-1' '',4' ''-phenyleneoxy-llv4,v-phenyleneoxy- 
lv,4v-phenylenesulfonyl-lvl,4v,-phenylene), (Bi/Hq PSP), [2].
The NMP/K2C03 method was used to prepare a series of 
copolymers of DCDPS, hydroquinone, and biphenol. This 
approach produced high molecular weight polymers which were 
soluble in both halogenated and organic solvents50. The 
amorphous character of the Bi/Hq PSF, [2] is attributed to 
the incorporation of hydroquinone groups. In contrast to Bi 
PSF, the additional phenylene groups randomly distributed 
among the 1:11-biphenylene units in Bi/Hq PSF alter the 
structure regularity of the polymer. The presence of these 
additional moieties reduces the crystallinity of the 
resulting polymers and leads to the formation of amorphous 
and soluble products.
A parallel study done in our laboratory on 50% Bi/50%
Hq PSF gave amorphous and soluble polymers regardless of 
their viscosities. Although this procedure resulted in 
higher molecular weight polymers than Bi PSF, polymers with 
intrinsic viscosities higher than 0.7 could not be obtained.
Studies on the preparation of high performance 
polyimide-poly(arylene ether)sulfone copolymers, and 
bisphenol-A polysulfone51 showed the potential of a novel 
high boiling aprotic polar solvent, N-cyclohexyl -2- 
pyrrolidone (CHP) for improving polysulfone synthesis.
CHP can tolerate reaction temperatures as high as 220 °C.
Water is not soluble in CHP at temperatures above 80 °C; the 
high temperature phase separation facilitates removal of 
water from the reaction so an azeotroping solvent is not 
required. CHP also effectively solvates both polar monomers 
and resulting ionic intermediates. Unlike toluene, which is 
considered as a non-solvent and can lower the dielectric 
constant of the solvent system, CHP has the ability to act 
both as a dehydrating solvent and a cosolvent with other 
aprotic polar solvents51,52. Further, the miscibility of 
CHP with water at room temperature and immiscibility at 
elevated temperatures can be exploited in purification of 
polymers from the reaction media and in recovery of the 
solvent.
Polymers of Bi/Hq PSF were prepared in varying ratios 
of NMP to CHP. Our results showed that CHP is not a good 
solvent for growing polymeric chains; premature 
precipitation of polymers limited the molecular weights 
attained when CHP was used as both solvent and high boiling 
water chaser. The highest viscosity polymer (r/ = 1.7) was 
obtained when a 50/50% mixture of CHP and NMP was used in 
the presence of toluene (Scheme 1.2). Toluene, an 
azeotropic agent is complimentary to CHP; it insures the 
removal of water during the formation of the phenate anions 
at lower temperatures, while the CHP continuously removes 
the water at higher reaction temperatures. NMP is the best 
solvent for both the monomers and growing polymeric chains.
16
Scheme 1.2 Synthesis of Poly(oxy-4,41-biphenyleneoxy- 
1'' ,4•1-phenylenesulfonyl-1,4'••-phenyleneoxy-Vv, 4,v- 
phenyleneoxy-lw, 4v-phenylenesulfonyl-lv\4vy-phenylene), 
(Bi/Hq PSF), [2].
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1.5 Synthesis of Poly(oxy-4,4'-biphenyleneoxy-1•' ,4' 
phenylenesulfonyl-1'' • ,4' '8-phenyleneoxy-2,vt-butyl-l1v,41V- 
phenyleneoxy-lv, 4v-phenylenesulfonyl-lv,/ 4V1- 
phenylene),(Bi/TBH PSF), [3],
Previous reports have shown the effect of tert-butyl 
substituents on the polymer thermal properties.
Introduction of tert-butyl groups improved the heat 
resistance of polyamides53, and polyesters54. tert-Butyl 
elaborated polyesters, polyamides, polyurethanes55, and 
polyoxetanes56, exhibited significantly increased glass 
transition temperatures relative to their unsubstituted 
analogues. Increases in Tg due to the presence of the bulky 
tert-butyl substituents are expected because bulky groups 
increase the free volume of the polymer by increasing the 
space about the chain. At the same time the bulky groups 
restrict both intermolecular and intramolecular chain 
movement57.
Fenoglio and Foster58 also reported that tert-butyl 
substituents in polyesters, polyarylates, polyamides, and 
polyaramides produced similar trends in polymer properties. 
Effects of the tert-butyl substituent observed in this study 
were higher thermal transitions, lower densities and water 
absorptivities and improved solubility and processability. 
All polymers prepared were amorphous and had higher glass 
transition temperatures and moduli than their unsubstituted 
analogues. Decreases in impact resistance and ductility
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were also observed.
Riese and Sogah (Scheme 1.3)59 filed a patent which 
utilized the tert-butyl group for the synthesis of high 
molecular weight poly(ether ketones). Initially a soluble 
amorphous polymer containing tert-butyl substituents was 
synthesized. Subsequent removal of the tert-butyl groups 
was completed by an electrophilic dealkylation reaction in 
the presence of trifluoromethanesulfonic acid. This 
procedure utilizes the good processing characteristics of 
the amorphous precursors to fabricate devices, which can 
later be transformed to a crystalline morphology with higher 
solvent resistance. McGrath and associates60 used a 
similar approach for the synthesis of a series of poly(ether 
ketones).
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Scheme 1.3 Synthesis of Poly(oxy-4,4'-biphenyleneoxy- 
1'' ,4'1-phenylenesulfonyl-1'••,4'''-phenyleneoxy-2™-t- 
butyl-1"1, 4"/-phenyleneoxy-lv, 4V-phenylenesulfonyl-1^ , 4V1 - 
phenylene), (Bi/TBH), [3].
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1.6 Experimental
General Information
All solvents and reagents used for general syntheses 
described herein were anhydrous and of reagent grade. For 
special purposes where purification of solvents was 
necessary, procedures in "Purification of Laboratory 
Chemicals",61 and "Organic Solvents, Physical Properties 
and Method of Purification",62 were used as general 
references. All other reagents were used as supplied 
commercially except as noted.
Intrinsic viscosities were determined at 30 °C in NMP 
using a Ubbelohde dilution viscometer, No. 50-M45. The 
solvent was purified and filtered before used. A plot of 
77sp / C vs C was extrapolated to zero concentration, to 
estimate the intrinsic viscosity according to the following 
equation.
[17] = lim (»7sp / C ), where 
c-*o
r)sp = t-t0 / t0 
t = efflux time of polymer solution 
t0 = efflux time of pure solvent 
C = concentration (g/dl)
[77] = intrinsic viscosity in dl/g
Nuclear Magnetic Resonance (NMR) spectra were obtained 
with the Bruker AC-200 spectrometer operating at 200.13 MHZ 
for 3H and 50.1 MHZ for 13C. Chemical shifts are given in 
parts per million (ppm) on a 6 scale downfield from 
tetramethylsilane (TMS). The usual notations are used to 
describe the spectra: s=singlet, d= doublet, dd= doublet of 
a doublet, m=multiplet, and b=broad. 13C chemical shifts are 
also reported using ppm scale, with the solvent peaks used 
as an internal standard.
Infrared spectra were recorded with a Perkin-Elmer 
FT-IR Spectrometer 1760X. Polymer film samples were cast 
from chloroform unless otherwise noted.
Glass transition temperatures (Tg), were determined 
using Seiko DSC220C at a heating rate of 20° / min at a 
temperature range of 20° C - 300° C unless otherwise noted.
Synthesis of Poly(oxy-4,41biphenyleneoxy-111,4''- 
phenylenesulfonyl-11•1,4*'1-phenylene),(Bi PSF), [1].
Into a 4-neck 500 ml round bottom flask, equipped with 
a mechanical stirrer, thermometer, N2 inlet and Dean Stark 
trap was charged DCDPS (28.72 g, 0.10 mole), 4-4' biphenol 
(18.62 g, 0.10 mole), 100 ml toluene and 200 ml NMP. The 
flask was purged with N2, the contents were stirred and 
temperature slowly raised until a clear amber solution was 
formed. Potassium carbonate (27.00 g, 0.196 moles), was 
then added to the clear amber solution and the temperature
was increased until toluene refluxed and filled the Dean 
Stark trap. The temperature was maintained at 150° C for 
about 4 hours or until no more water was observed to evolve 
from the mixture. The temperature was raised to and 
maintained at 180° C for 8 hours, then at 190° C for 1 hour. 
The mixture was cooled to about 130° C, diluted to 10 % by 
weight with NMP, filtered, acidified with acetic acid, and 
precipitated into a 50/50 mixture of methanol and water.
The resulting polymer was boiled in water, to extract any 
trapped salts and solvent, filtered, and dried in vacuo.
The recovered polymer, [1] was dissolved in chloroform and 
reprecipitated in methanol until no traces of NMP was 
observed in the infrared spectrum. Yield was 37.54 g (94%,
77 = 0. 50, Tg = 218° C) . XH NMR (CDC13) : (Figure 1.1) 7.22-
7.28 (m, 8H, aromatic H's ortho-ether); 7.84, 7.85 (d, 4H, 
aromatic H's meta-ether of biphenyl); 8.03, 8.08 (d, 4H, 
aromatic H's ortho-S02-) . 13C NMR (CDC13) : (Figure 1.2)
117.9, 120.6, 128.7, 129.8 (aromatic C 's); 135.7, 137.0,
154.6, 161.8 (quaternary aromatic C's).
Synthesis of Poly(oxy-4,4'-biphenyleneoxy-1'',4''- 
phenylenesulfonyl-1' ' ' ,4 ' ' ' -phenyleneoxy-l1v41v-phenyleneoxy- 
lv, 4v-phenylenesulfonyl-lv1, 4vi-phenylene) ,
(Bi/Hq PSF), [2].
Into a reactor similar to that used for the preparation 
of Bi PSF, was charged DCDPS (40.55 g, 0.141 mole),
4-4'biphenol (13.97 g, 0.075 mole), hydroquinone (8.26 g, 
0.075 mole), 100 ml NMP, 100 ml CHP, and 100 ml toluene.
The contents were stirred, and N2 gas was bubbled to the 
mixture as the temperature was slowly raised until the 
solution turned clear. Potassium carbonate (27.00 g,
0.196 mole), was added to the amber clear solution and the 
temperature was raised and maintained at 160° C for 4 hours. 
After 4 hours of reflux the temperature of the viscous 
solution was further increased and maintained to 180° C for 
5 hours. The reaction was finally allowed to proceed for 
another hour at 190° C. The mixture was cooled, diluted to 
10% by weight with NMP, and filtered to remove excess K2C03. 
The filtrate was acidified with acetic acid to neutralize 
the phenolate end groups, then precipitated into a 50/50 
mixture of methanol and water. The polymer was filtered, 
washed several times with water to remove traces of CHP, 
then finally boiled in water to remove traces of NMP and 
potassium carbonate. The polymer was finally filtered and 
dried in vacuo. Reprecipitation from chloroform solution in 
methanol was done until no more traces of NMP was observed. 
The resulting polymer, [2] weighed 46.90 g (8 8%, rj = 0.76,
Tg = 199° C) . XH NMR (CDC13) : (Figure 1.3) 7.01-7.13 (m,
16H, aromatic H's ortho-ether); 7.56, 7.60 (d, 4H, aromatic 
H's meta-ether of biphenyl); 7.87, 7.91 (d, 8H, aromatic H's 
ortho-S02-) . 13C NMR (CDC13) : (Figure 1.4) 135.6, 137.0,
151.7, 154.5, 161.8 (aromatic quaternary C's); 117.7, 117.9,
120.6, 121.9, 128.6, 129.8 (aromatic C's).
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Preparation of Poly(oxy-4,41-biphenyleneoxy-1' ', 4 ' ' - 
phenylenesulfonyl-11 1 1 ,4' 1 '-phenyleneoxy-2,v-t-butyl-l,1V, 41V- 
phenyleneoxy-lv, 4v-phenylenesulfonyl-lv1, 4v,-phenylene) , 
(Bi/TBH PSF), [3].
The polymer was prepared by using the procedure of 
Risse and Sogah59. A 4-neck 500 ml roundbottom flask was 
equipped with an overhead stirrer, a condenser with a Dean 
Stark trap, a thermometer and a nitrogen gas inlet. Into 
this flask was charged 4,41-biphenol (4.65 g, 0.025 mole), 
4,4'-dichlorodiphenyl sulfone (14.36 g, 0.05 mole), 
tert-butylhydroquinone (4.16 g, 0.027 mole), 150 ml of 
dimethyl sulfoxide, 100 ml toluene and potassium carbonate 
(14 g, 0.10 mole). The mixture was stirred and heated to 
170° C while N2 gas was being bubbled into it. After 5 
hours at 170° C, the polymer was precipitated with methanol. 
The polymer was redissolved in chloroform, filtered to 
remove the inorganic salts, reprecipitated and dried in 
vacuo. The recovered polymer [3] yield was 18.50 g (91%,
J? = 0.49, Tg = 219° C) . *H NMR (CDC13) : (Figure 1.5) 1.32
(s, 9H, 3-CH3) ; 6.84 (s, 2H, aromatic H's); 7.01-7.13 (m,
13H, aromatic H's) 7 7.56, 7.60 (d,4H, aromatic H's meta­
ether of biphenyl); 7.87, 7.92 (d, 8H, aromatic H's ortho- 
S02-) . 13C NMR (CDCI3) : (Figure 1.6) 30.0 (-CH3) ; 35.0
(-C(CH3) 3) ; 135.5, 135.7, 137.0, 144.3, 150.8, 151.2, 154.6,
161.8, 162.0 (aromatic quarternary C's); 117.4, 117.9,
118.9, 120.0, 120.6, 122.7, 128.7, 129.8 (aromatic C's)
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Figure 1.1 XH NMR of Poly (oxy-4,4 'biphenyleneoxy-1 "  , 4 "  -
phenylenesulfonyl-1•••,4'••-phenylene),(Bi PSF), [1]-
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Fiqure 1.2 13C NMR of Poly (oxy-4,4 • biphenyleneoxy-1 4 • • -
phenyl enesul fonyl- 1" >,4”  • -phenylene) , (Bi PSF) , [1].
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Figure 1.3 1H NMR of Poly(oxy-4,4'-biphenyleneoxy-l'',4''-
phenylenesulfonyl-1 • • • ,4 • • '-phenyleneoxy-l"',4"/- 
phenyleneoxy-lv, 4w-phenylenesulfonyl-r',4y'-phenylene) , 
(Bi/Hq PSF), [2].
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Figure 1.4 13C NMR of Poly (oxy-4, 4 ' -biphenyleneoxy-1 " , 4 " ~
phenylenesulfonyl-1''',4' " -phenyleneoxy-1 ,4 - 
phenyleneoxy-lw, 4w-phenylenesulfonyl-lv', 4V1 —phenylene) , 
(Bi/Hq PSF), [2].
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Figure 1.5 1H NMR of Poly(oxy-4,4'-biphenyleneoxy-1'',4''-phenylenesulfonyl-
2  r i i f 4  i i i -phenyleneoxy-2"'-t-butyl-l'v, 4'w-phenyleneoxy-lw, 4V-
phenylenesulfonyl-l" ,4wi-phenylene) , (Bi/TBH) , [3].
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Figure 1.6 C NMR of Poly(oxy-4,4'-biphenyleneoxy-14'1-phenylenesulfonyl- 
1 > ' i ,4 i ' ' -phenyleneoxy-2'v-t-butyl-l'v, 4'v-phenyleneoxy-lv, 4V- 
phenylenesulfonyl-lv',4'/'-phenylene) , (Bi/TBH) , [3].







Figure 1.7 FT-IR of Poly(oxy-4,4'biphenyleneoxy-1'',4''-
phenylenesulfonyl-l•'',4 '•'-phenylene),(Bi PSF), [l].
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Figure 1.9 FT-IR of Poly(oxy-4,4•-biphenyleneoxy-1••,4••-
phenylenesulf onyl-1 • • ' ,4 ' ' • -phenyleneoxy-2'v-t-butyl- 
2,v, 4"/-phenyleneoxy-lv, 4v-phenylenesulfonyl- 
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Table 1.1 Properties of Polysulfones








BSA PSF 0 0.49 189 192 389
Bi PSF 50 0.50 218 199 374
Bi PSF 50 0.33 193 199 374
Bi/Hq PSF 25 0.76 199 192 -
Bi/THB PSF 25 0.49 219 220 357
Table 1.2 Characteristic Polysulfone Peaks from Infrared Spectroscopy.63
Frequency (cm'1) Assignments
3100 - 3000 Aromatic C-H Stretching
1590 - 1580 Aromatic C-C stretching
1330 - 1290 Asymmetric 0=S=0 stretching
1250 - 1240 Asymmetric C-O-C Stretching
1155 - 1150 Asymmetric 0=S=0 Stretching
1110 - 1100 Aromatic Ring Vibration
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1.7 Results and Discussion
All-aromatic poly(arylene ether sulfones) were 
synthesized from a combination of the following monomers; 
biphenol, 4-chlorophenyl sulfone, hydroquinone, and tert- 
butyl hydroquinone. Hydroquinone containing polymers were 
all amorphous and soluble in halogenated and organic 
solvents, ie., DMF, DMSO, NMP and THF.
Our attempts to conduct polymerizations in pure CHP 
failed because the initial condensation products 
precipitated before the desired reaction temperature was 
reached. For example during the preparation of Bi PSF, low 
molecular weight polymer precipitated before the temperature 
reached 150 °C. Addition of either NMP or DMSO cosolvents 
allowed polymerizations to occur in homogeneous mixtures 
throughout the entire temperature range. Although these 
procedures produced polymers of desirable properties, 
conditions for each method can still be improved. Using NMP 
at reaction temperatures higher than 180 °C for extended 
periods of time produced discolored solutions and off-white 
polymers. With Bi PSF, formation of an insoluble highly 
discolored polymer was observed. NMP proved to be a better 
reaction medium than CHP, although use of CHP as cosolvent 
in this polycondensation reaction is very effective. The 
difficulty of purifying the recovered polymers from the 
solvent NMP was not resolved; alternative solvents to NMP 
and CHP are still needed to facilitate the polymerization.
Structural characterization was done by 1H NMR, 13C NMR 
and infrared spectroscopy. Calculated values of the 13C 
NMR64 chemical shifts, glass transition temperatures, and 
melting points65 (Table 1.1), were determined using the 
additivity rule, and compared with the experimental values 
(Table 1.3-1.5). Physical properties, (Table 1.1), and 
absorption bands in the infrared spectrum of these polymers 
were compared with BSA PSF, (Figure 1.10). The polymers 
gave the characteristic polysulfone absorption bands from 
the infrared Spectroscopy (Table 1.2),(Figure 1.7-Figure 
1.9). Glass transition temperatures of the polymers were 
higher compared to bisphenol A systems with the highest Tg 






Figure 1.10 FT-IR of Poly(oxy-1,4-phenylenesulfonyl-
1'4'-phenyleneoxy-11',4 ''-phenylene (1•'•- 
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Table 1.3 Comparison of Calculated and Experimental










Table 1.4 Comparison of Calculated and Experimental





4 120.2 1 2 0 . 6
5 127.1 128. 6
6 138.8 137.0
7 164.4 161.8
8 156. 6 154.5
9 119.5 117.9
10 127.7 129.8
11 136.2 135. 6
12 120.2 121.9
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Table 1.5 Comparison of Calculated and Experimental
13C NMR Chemical Shifts of Bi/TBH PSF, [3]
it 18 16 17
a\vy/6
4 ft
c Calculated Expt. C Calculated Expt.
1 141.4 144.3 11 138.8 137.0
2 115.9 117.4 12 127.1 129.8
3 151.9 151.2 13 120.2 122.7
4 116. 2 117.9 14 164.4 162.0
5 118.9 118.9 15 156. 6 154.6
6 148.9 150.8 16 119.5 120.0
7 164.4 161.8 17 127.7 128.7
8 120.2 1 2 0 . 6 18 136.2 135.5
9 127.1 129.8 19 35.0
10 138.8 135.7 20 1 30.0
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1.8 Conclusion
Poly(arylene ether sulfones) can be prepared under 
controlled homogeneous conditions by varying the ratios of 
the polar solvents, NMP and CHP in the reaction media. The 
polymerizations proceed as expected; NMR and infrared 
spectra of the polymers are consistent with the proposed 
structures. Similarly, the observed glass transition 
temperatures (Tg) of the polymers correspond well with the 
calculated values. The properties of the polymers are 
suitable for applications as substrates for modification.
CHAPTER 2




Modification of polymers has been practiced since 
mankind started using natural fibers and animal hides. The 
art of modifying polymers for a specific purpose has now 
been elevated to a science which requires extensive 
technical skills, since the scope of polymer modifications 
cuts across the traditional boundaries of both applied and 
basic sciences. The need to duplicate and to improve the 
properties of natural materials such as silk, wool or cotton 
fibers, metals, ceramics and composites, has driven the 
preparation of synthetic polymers. Modification processes 
are done to impart or to enhance the desired properties of 
commercially available polymers. These modifications can be 
classified into two groups66: a. physical modifications 
including entanglement, entrapment, annealing or 
orientation; and b. chemical modifications where chemical 
reactions on the polymer are emphasized.
Reactions of macromolecular precursors are often the 
key step in the synthesis of sophisticated materials. 
Applications of these materials include: linear or 
crosslinked polymeric reagents and catalysts67,68, 
synthetic membranes, polymers with enzyme-like 
properties69,70, polymeric drugs71, resins, and photoresists.
An active area of research in microelectronic technology is 
the use of polymers as photoresists for lithographic 
purposes. Lithography is based on radiation-induced
chemical changes in photosensitive polymeric films, known as 
photoresists. Photoresists are materials that undergo 
chemical changes upon exposure to radiation. Exposure to 
radiation can either lead to degradation or crosslinking of 
the polymeric chains. Degradation of polymeric chains 
increases solubility of the polymer in a given solvent 
(positive resist), while crosslinking decreases solubility 
of the polymer (negative resist). In addition to 
applications in resist technology, polymers are used as 
materials for intermetallic dielectrics and packaging of 
integrated circuits. The ease of processing, light weight 
and durability of polymers as dielectrics and packaging 
materials have allowed them to replace ceramics for these 
applications. Related areas of potential polymer 
applications which are currently under active research are 
as matrices for optical storage, semi-conducting and 
conducting organic substrates, and optical analogs of active 
electrical elements for computers72.
Device miniaturization has always been the aim of the 
the integrated circuit industry. Achievement of this aim 
has led to the development of the small-scale (SSI), medium 
scale (MSI), large scale (LSI), very large scale (VLSI), and 
ultra large scale (ULSI) integrated circuit boards. ULSI 
pack as much as 105 or more components per chip. The key to 
further miniaturization of integrated circuits can be 
narrowed down to the wavelength of the energy used in
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exposure techniques.
At present, conventional photolithography used to 
generate high resolution IC's for commercial purposes 
utilizes 365-436nm UV radiation73. Typical critical 
geometries are 2 to 3 fim for most devices in production, 
while in state-of-the-art processes 1.25 to 1.5 /zm features 
are common70. As the state-of-the-art shifts towards the 
sub-micron level (ULSI), alternative photolithogaphic 
approaches are needed to satisfy the demand for higher 
resolution, higher aspect ratio and smaller linewith 
variations. Technology on deep UV systems with resolution 
capability of 0.45 /zm will be available in the production 
line by either mid or late 199074. E-beam and X-ray 
lithography are considered to play more significant roles in 
the production of devices with feature size of 0.25 /zm or 
less by the end of the century75,76. As the shift from the 
conventional UV towards other photolithographic technologies 
occurs, demand for alternative materials which can be used 
as masks, subtrates, photoresists, and contrast enhancement 
substances will follow. A majority of experts in this field 
believe that an alternative to optical lithography is the 
only way to a sub-micron linewith.
X-ray lithography is a relatively new experimental 
technique aimed at achieving higher resolution. Advantages 
of this technique over optical lithography are as follows: 
the ability to achieve finer resolution than optical method,
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a higher tolerance to defects caused by organic dust 
particles, less stringent processing requirements, and the 
ability to achieve linewith less than 0.25 /xm77. Major 
practical problems of x-ray lithography which have to be 
resolved are high costs, development of x-ray sensitive 
photoresists, and mask fabrication.
Organic resists in photolithography can be used in 
either single or multi-component processes. Regardless of 
exposure technology used, the role of polymeric resists is 
twofold. First, it must be radiation sensitive so it can 
form a latent image of the circuit pattern in the mask. 
Second, the areas of resist remaining after development must 
be able to protect the underlying substrate during 
subsequent processing. Subsequent processing of 
photoresists could involve wet or dry treatment. Wet 
processing involves the use of solvents, whereas dry 
processing utilizes either plasma or reactive ions to 
vaporize the exposed resists.
A study done by Willson and associates78 suggested 
that the basic radiation chemistry in electron lithography 
can be applied to x-ray lithography, e.g., resists that are 
sensitive to electron beams would respond the same way to x- 
rays. Although their study showed a strong correlation 
between sensitivity of resist systems to both types of 
exposures, the resist sensitivity was insufficient for 
practical x-ray lithographic applications. The best
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approach to improve sensitivity is to enhance the absorption 
of x-rays in the resist either by inclusion of heavy metal 
atoms or the incorporation of atoms such as chlorine79, 
sulfur80, fluorine81, bromine82, and silicon83.
State of the art technology requires resolution 
patterns that can be generated only in thin layers.
Attempts to generate submicron patterns with single layer 
resists are hindered by reflectivity, back scatter, low 
aspect ratios, and with uneven topography. These
difficulties can be resolved by using multi-level resists 
(MLR)84,85. MLR consist of either double layer 
(bi-level) or triple layer (tri-level) polymeric coatings. 
Bi-level resists consist of a planarizing layer and thin 
imaging top layer, while the tri-level configuration 
introduces an additional layer between the imaging and 
planarizing layers.
The shift towards multi-level processing requires 
increased use of dry developing and etching processes86 
such as plasma or reactive ion etching. Dry developed 
resists are not subject to pattern distortion induced by 
polymeric swelling or shrinking which accompanies solvent 
development of resists. Similarly, dry etching processes 
are not subject to typical isotropic profiles that are 
usually formed when wet etching techniques are used. Thus, 
our initial research focus is the development of 
commercially viable polymeric resists which are both
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sensitive to x-rays and resistant to plasma or reactive ion 
etching (RIE).
A synchrotron electron accelerator is being built at 
present in Baton Rouge under the auspices of LSU's Center 
for Advanced Microstructures and Devices (CAMD)87. The 
accelerator, a high power electron storage ring, is 
scheduled to be operational by 1992. This will make 
accessible a unique source of x-ray radiation for evaluating 
resist materials and other tools for processing of 
microchips based upon soft x-ray lithography 
(0.4-0.8 nm)88.
Polymers have always been used as resist materials for 
integrated circuit fabrication. Optically sensitive 
polymers which are currently used for commercial purposes 
are neither sensitive enough towards x-ray radiation nor 
stable enough towards plasma or RIE to be used. Research 
has focused on a group of organometallic polymers containing 
Si due to their potential for bi-level processing and 
resistance to RIE. The majority of new silicon-containing 
materials have silicon incorporated in the polymer backbone, 
such as the polysiloxanes89,90 and polysilanes91.
Incorporation of the silicon in polymers increases 
significantly the resistance of polymers to plasma or 
reactive ion etching. Some of the disadvantages of this 
approach are reduction in photo-sensitivity, lowering of Tg 
and increased hydrophobicity of the polymer layers.
Poly(olefin sulfones) are considered to be the most 
sensitive e-beam resists79. The first self-developing resist 
used in e-beam lithography92 was poly(1-butene sulfone).
It's application in X-ray lithography is limited however due 
to a low resistance to various plasma environments. A study 
done on the incorporation of silicon-containing moieties 
into the chain of poly(1-butene) sulfone showed a dramatic 
increase of resistance of the polymer in 02 RIE 
environment93. Clearly, facile incorporation of silicon 
substituents is a key reqirement for useful barrier 
polymers.
2.2 Approaches to Synthetic Silylation of Poly(arylene
ether sulfones).
2.2.1 Silylation by Directed Lithiation
Silyl groups were first used for the preparation of 
volatile derivatives for gas chromatographic purposes.
Their roles as protecting agents, precursors in synthetic 
preparations, and other technological applications have 
driven the development of a wide variety of reagents and 
procedures for introducing silicon functional groups; 
initially on heteroatoms and eventually on suitably 
activated carbon atoms. The facile transfer of silyl groups 
has led to a new type of polymerization, i.e. group transfer 
polymerization, (GTP)94,95. An exponential growth of 
patents and literature on silicon has accompanied an ever
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evolving list of commercial applications of silicones.
Although the last decade showed an extraordinary growth 
in this area, the discovery of alternatively efficient 
synthetic approaches to carbon-silicon bond formation is 
still a challenge in polymeric silicon research. A common 
approach to C-silylation reactions employs organolithium 
reagents to generate carbanions, followed by quenching of 
the alkyl-aryl lithium derivatives with silyl containing 
compounds. Direct metalation of polymers usually requires 
fairly acidic protons, activated by neighboring 
electronegative groups which by themselves are also 
reactive. Formation of alkyllithium-amine complexes of 
TMEDA proved to be a successful approach in directly 
metalating benzene96, polystyrene97, and even diene98 
containing polymers. Extensive investigation on the 
reactivity of different amine complexes in the metalation 
process was undertaken by Smith99. A common conclusion of 
these studies is chelating with TMEDA enhances the 
reactivity of organolithium compounds to such an extent that 
non-activated hydrogen atoms can be abstracted in these 
reactions.
Calas et al100 were able to silylate most organic 
functional groups using Me3SiCl/Mg/HMPA101 or 
Me3SiCl/Li/THF102 as silylating agents. Similarly, Chalk 
and Hay, disclosed in their publications103,104, effective 
metalation of polyphenylene ethers under similar conditions.
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Guiver and associates105,106 investigated the probability 
of direct metalation on polysulfones in the absence of TMEDA 
as catalyst. This approach can effectively facilitate 
aromatic substitution of protons ortho to the aryl sulfones. 
The reaction is regiospecific and appears to be limited to 
monoaryl anions, e.g. only one silyl group can be introduced 
per aromatic ring and only sulfone activated rings can be 
silylated.
2.2.2 Silylation by Directed Bromination/lithiation
The ortho-directing effect of the methoxy substituent 
on metalation was first described by Gilman and Bebb107.
In succeeding years, metalation of many monosubstituted 
benzenes were investigated with respect to their ease of 
ortho lithiation108,109,110.
Electrophilic aromatic substitution reactions are also 
regioselective; ortho substitution is directed by the ether 
moiety. Among the reactions that our group has employed to 
elaborate polysulfones are bromination, nitration, and 
phthalimidization. These reactions are often used for the 
formation of reactive polymeric precursors for further 
modifications. Electrophilic substitution of aromatic 
hydrocarbons by bromine is a well-known organic 
reaction111. Selective monobrominations of reactive aromatic 
rings were effected by reagents such as NBS in DMF112, 
bromine and thallium (III) acetate113, and CuBr211A.
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Alternative approaches to conventional bromination of 
deactivated aromatic systems were also described by Shabbir 
et al115.
Daly et a l .116 worked on bromination of polymers 
derived from Bisphenol-A in the absence of catalyst with 
good yields and minimum degradation. Comparable results 
were obtained by Guiver et a l . 117. The bromination was 
quantitative with a maximum of two bromine atoms substituted 
per poly(arylene ether) repeat unit.
Preparation of aryl lithium salts from aryl halides had 
been used extensively. Various organic halides react easily 
with alkali metals such as lithium, sodium and potassium to 
yield alkali metal derivatives118. Factors controlling 
regioselectivity and efficiency of lithiation of aromatic 
substrates had also been the subject of considerable 
research119,120. Introduction of electrophiles to aromatic 
substrates can be easily controlled with the use of 
aryllithium intermediates.
Among the silyl groups originally used for protection 
and derivatization of functional groups, the most important 
is the trimethylsilyl, (TMS) group121,122. In gas 
chromatography and mass spectrometry, the high volatility, 
thermal and chemical stability of the derivatives has made 
TMS the best choice for this application. In synthetic 
chemistry, TMS is widely used as a protecting group123,124 
particularly for the hydroxyls and the enolisable carbonyls.
54
The TMS group can be easily introduced by choosing the 
appropriate silylating reagent which can be selective and 
stable under certain reaction conditions. Some of the 
disadvantages of the TMS group is moisture sensitivity and 
tendency to undergo acidic and basic hydrolysis, or 
solvolysis with an alcohol. The lack of stability to 
moisture has limited use of TMS derivatives to groups which 
are destined to be cleaved in the reaction scheme. Our 
study would aim to prepare polymers with silyl groups as 
integral parts of the molecule, with the intent that these 
groups would contribute to the final properties of the 
polymer.
2.3 Experimental
Udel polysulfone, BSA PSF [4] was purchased 
commercially. Other polymers used in these modifications 
were prepared in the laboratory as described in chapter 1 , 
and dried in vacuo before use. Bromine and butyllithium 
were obtained from Aldrich, and used without further 
purification. Chlorotrimethylsilane (TMSC) was dried by 
refluxing with CaH2 and distilled before use. THF was 
refluxed with metallic potassium until the blue color ketyl 
forms from benzophenone, and fractional distilled before 
use.
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Bromination of Udel Polysulfone, BSA PSF [4],
A solution of bromine (41.6 g, 0.26 mole) in 10 ml 
chloroform was added to a stirred solution of Udel 
polysulfone (33.0 g, 0.078 mole) in 200 ml chloroform. The
mixture was stirred at room temperature for 24 hours.
Excess bromine was purged from the reaction mixture to a 
trap half filled with water, by bubbling N2 into the 
reaction mixture. The mixture was precipitated into 
methanol, then allowed to stand in solution for a day in 
order to further leach out any residual free bromine. The 
recovered polymer [5], (Scheme 2.1) was filtered, washed 
with water then methanol and dried in vacuo for 2 days at 
40 °C. A yield of 44.6 g (99%, D.F. = 2, Tg = 190° C,
[77] = 0.37) was obtained. XH NMR (C D C I3 ) : (Figure 2.1) 1.69
(s, 6H, 2-CH3) ; 6.94, 6.98 (d, 6H, aromatic H's ortho­
ether) ; 7.13-7.17 (dd, 2H, aromatic H's ortho-C(CH3)2-) ;
7.51, 7.52 (d, 2H, aromatic H's ortho-C-Br); 7.84, 7.86 
(d, 4H, aromatic H's ortho-S02-) . 13C NMR (CDC13) : (Figure
2.2) 30.7 (-CH3) ; 42.6 (-C(CH3)2); 115.8, 117.1, 122.1,
127.6, 129.8, 132.2, 135.8, 148.6, 149.7, 161.1 (aromatic 
C's). FT-IR (film from CHC13) ; (Figure 2.3) 1045 cm'1 
(-C-Br).
56
Scheme 2.1 Synthesis of Brominated BSA PSF, [5], and
Silylated BSA PSF, [6].
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Figure 2.1 1H NMR of Brominated BSA PSF, [5].
' I   ' ' l    I , • • i ■  } - ........     - .......... I '  | |  , .
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
PPH
<J1vj
Figure 2.2 13C NMR of Brominated BSA PSF, [5].
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XH NMR (CDC13) of unmodified BSA PSF: 1.69 (s, 6H,
2-CH3) , 6.91, 6.96 (d) , 6.98, 7.02 (d) (8H, aromatic H's
ortho-ether), 7.22, 7.26 (d, 4H, aromatic H's ortho- 
(C(CH3)2) , 7.83, 7.87 (d, 4H, aromatic H's ortho-S02-) .
13CNMR (CDC13) : (Table 2.1) 30.9 (~CH3) , 42.4 (-C(CH3)2),
117.7, 119.8, 128.4, 129.7, 135.4, 147.1, 152.8, 161.9 
(aromatic C's).
Silylation of Brominated Udel Polysulfone, [5].
n-Butyllithium (1.2 mmoles, 2.5M) was added dropwise to 
a N2 purged and stirred solution of dibrominated Udel 
polysulfone (3.00 g, 5.2 mmoles) in 25 ml of dry 
tetrahydrofuran at -78 °C. A viscous red solution was 
formed which was stirred for 30 minutes before a 15 ml 
solution of trimethylsilylchloride (TMSC) was added. The 
reaction was allowed to proceed for another hour after 
addition of TMSC, then the resulting solution was 
precipitated into isopropyl alcohol, washed several times 
with isopropyl alcohol, filtered and dried in vacuum. Yield 
was 2.61 g (71%, D.F. = 2, [r?] = 0.38, Tg = 159 °C) of
silylated polymer, [6 ] (Scheme 2.1). XH NMR (CDC13) : (Figure
2.4) 0.19 (s, 18H, (-Si (CH3)3) ; 1.74 (s, 6H, 2-CH3) , 6.79,
6.83 (d), 7.00, 7.04 (d), 7.23-7.38 (m), 7.75-7.79 (m) (10H,
aromatic H's), 7.86, 7.91 (d, 4H, aromatic H's ortho-S02-) .
13C NMR (CDC13) : (Figure 2.5) -0.85 (-Si(CH3)3), 31.0 (-CH3) ,
42.5 (-C(CH3) 2) ; 117.6, 118.8, 129.5, 129.7, 130.9, 133.9,
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135.2, 146.5, 157.7, 162.2 (aromatic C's). FT-IR (film from 
CHCI3) ; (Figure 2.6) 839.4, 756.4 cm'1 (-Si (CH3) 3) .
Silylation of Udel Polysulfone, BSA PSF [4].
n-Butyllithium (5.0 mmoles, 2.5M) was added dropwise to 
a N2 purged and stirred solution of Udel polysulfone (1.0 g,
2.3 mmoles) in 30 ml of THF at -78 °C. The solution was 
stirred for 30 minutes before 10 ml of TMSC was added. The 
reaction was allowed to continue for an hour before 
precipitating into isopropyl alcohol. The recovered 
silylated polymer [7], (Scheme 2.2) was washed several times 
with isopropyl alcohol, filtered, and dried in vacuo to 
yield 1.26 g (94%, D.F. = 2, [f?] = 0.39, Tg = 160 0 C) .
1H NMR (CDCI3) : (Figure 2.7) 0.37 (s, 18H, (-Si(CH3)3);
1.72 (s, 6H , 2-CH3) , 6.83-6.89 (dd), 6.96, 7.00 (d), 7.25, 
7.29 (d), 7.38, 7.39 (d) (12H, aromatic H's) 7.41, 7.46 (d,
2H, aromatic H's ortho-S02-) . 13C NMR (CDC13) : (Figure 2.8)
1.03 (-Si(CH3)3), 30.9 (-CH3) , 42.4 (-C(CH3)2); 116.4, 119.8,
125.7, 128.4, 131.4, 140.5, 143.0, 147.1, 153.0, 160.4 
(aromatic C's). FT-IR (film from CHC13) ; (Figure 2.9)
845.5, 757.8 cm'1 (-Si (CH3) 3) .
Figure 2.4 1H NMR of Silylated BSA PSF, [6].
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Figure 2.5 NMR of Silylated BSA PSF, [6].
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Figure 2.6 FT-IR of Silylated BSA PSF, [6].
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Figure 2.7 1H NMR of Silylated BSA PSF, [7].
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Figure 2.8 13C NMR of Silylated BSA PSF, [7].
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Figure 2.9 FT-IR of Silylated BSA PSF, [7],
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Bromination of Bi/Hq PSF, [2].
A solution of bromine (6.6 g, 41.4 mmoles) in 5 ml 
chloroform was added to a stirred solution of Bi/Hq PSF 
(5.0 g, 6.6 mmoles) in 60 ml chloroform. The mixture 
was stirred at room temperature for 24 hours. Excess 
bromine was purged from the reaction mixture to a trap half 
filled with water, by bubbling N2 into the reaction mixture. 
The mixture was precipitated into methanol, then allowed to 
stand in solution for a day in order to further leach out 
any residual free bromine. The recovered polymer [8 ], 
(Scheme 2.3) was filtered, washed with water and methanol, 
then dried in vacuo for 2 days at 40 °C. A yield of 5.13 g
(82%, D.F. = 2, Tg = 200° C, [77] = 0.65) was obtained.
:H NMR (CDCI3) : (Figure 2.10) 7.02-7.13 (m, aromatic H's);
7.56, 7.60 (d, 4H, aromatic H's meta-ether of biphenyl);
7.87, 7.91 (d, 8H , aromatic H's ortho-S02-) . 13C NMR (CDC13) :
(Figure 2.11) 116.3, 117.1, 117.6, 117.9, 118.0, 118.2,
120.7, 121.9, 123.5, 127.5, 128.6, 128.7, 129.8, 132.4,
135.7, 137.0, 137.6, 139.1, 151.7, 154.5, 155.0, 161.0,
161.5, 161.8 (aromatic C's). FT-IR (film from CHC13) ;
(Figure 2.12) 1044.1 cm'1 (-C-Br) .
Silylation of brominated Bi/Hq PSF [8 ]
n-Butyllithium (8.16 mmoles, 2.5M) was added dropwise 
to a N2 purged and stirred solution of dibrominated Bi/Hq 
PSF (3.00 g, 3.4 mmoles) in 30 nil of dry tetrahydrofuran at
-78 °C. A viscous pinkish solution was formed which was 
stirred for 30 minutes before a 15 ml solution of 
trimethylsilylchloride was added. The reaction was allowed 
to proceed for another hour after the addition of TMSC 
before the resulting solution was precipitated into 
isopropyl alcohol. The recovered polymer was washed several 
times with isopropyl alcohol, filtered and dried in vacuum. 
The yield was 2.90 g (98%, D.F. = 1.65, [rj] = 0.64,
Tg = 186° C ) of silylated polymer, [9], (Scheme 2.3).
1H NMR (CDC13) : (Figure 2.13) 0.24 (s) , ortho-ether
hydroquinone, 0.34 (s), ortho-ether biphenol, (18H,
(-Si(CH3)3) ; 6.86-7.65 (m, 18H, aromatic H's), 7.85, 7.89 
(d, 8H , aromatic H's ortho-S02) . 13C NMR (CDC13) : (Figure
2.14) -0.875, 1.03, 1.25 (-Si(CH3)3), 117.3, 117.7, 117.9,
119.3, 120.4, 120.6, 121.9, 126.1, 128.7, 129.8, 131.5,
132.5, 134.4, 135.7, 137.0, 137.6, 151.8, 154.6, 160.3,
161.8 (aromatic C's). FT-IR (film from CHC13) ; (Figure
2.15) 2954.8, 843.2, 757.6 cm'1 (-Si (CH3) 3) .
Silylation of Bi/Hq PSF, [2].
n-Butyllithium (10 mmoles, 2.5M) was added dropwise to 
a N2 purged and stirred solution of Bi/Hq PSF (3.0g, 3.99 
mmoles) in 75 ml of THF at -78 °C. The solution was stirred 
for 3 0 minutes before 10 ml of TMSC was added. The reaction 
was allowed to continue for another hour before 
precipitating into isopropyl alcohol. The recovered
silylated polymer [10], (Scheme 2.4) was washed several 
times with isopropyl alcohol, filtered, and dried in vacuo 
to yield 3.20 g (89%, D.F. = 2.3, [77] = 0.61, Tg = 176° C) .
XH NMR (CDCI3) : (Figure 2.16) 0.35 (s, 18H, (-Si(CH3)3 ortho-
sulfone); 6.85-7.58 (20H, aromatic H's) 7.85, 7.89 (d, 6H, 
aromatic H's ortho-S02) . 13C NMR (CDC13) : (Figure 2.17) 1.03,
1.25 (-Si(CH3)3), 116.4, 116.8, 117.7, 117.9, 120.4, 120.6,
121.8, 125.6, 126.1, 128.5, 129.5, 129.8, 131.5, 132.5,
135.7, 136.7, 137.0, 140.8, 143.4, 151.8, 154.6, 154.8,
160.1, 160.2, 161.8 (aromatic C's). FT-IR (film from
CHCI3) ; (Figure 2.18) 2954.8, 843.2, 757.4 cm'1 (-Si (CH3) 3) .
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Scheme 2.3 Synthesis of Brominated Bi/Hq PSF, [8],
and Silylated Bi/Hq PSF, [9].
Bromine
Figure 2.10 1ff NMR of Brominated Bi/Hq PSF, [8].
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Figure 2.11 13C NMR of Brominated Bi/Hq PSF, [8].
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Figure 2.13 NMR of Silylated Bi/Hq PSF, [9].
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Figure 2.14 13C NMR of Silylated Bi/Hq PSF, [9].
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Scheme 2.4 Synthesis of Silylated Bi/Hq PSF, [10].
Si(CH3)3
Figure 2.16 1H NMR of Silylated Bi/Hq PSF, [10].
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Bromination of Bi/TBH PSF, [3].
A solution of bromine (2.2 g, 14 mmoles) in 5 ml 
chloroform was added to a stirred solution of Bi/TBH PSF 
(4.0 g, 5.1 mmoles) in 60 ml chloroform. The mixture was 
stirred at room temperature for 24 hours. Excess bromine 
was purged from the reaction mixture to a trap half filled 
with water, by bubbling N2 into the reaction mixture. The 
mixture was precipitated into methanol, then allowed to 
stand in solution for a day in order to further leach out 
any residual free bromine. The recovered polymer [15], 
(Scheme 2.5) was filtered, washed with water and methanol, 
then dried in vacuo for 2 days at 40 °C. A yield of 4.30 g 
(77.4%, D.F. = 3.7, Tg = 220° C, [rj] = 0.47) was obtained.
NMR (CDC13) : (Figure 2.19) 1.31 (3 -CH3 ) , 6.94-7.16 (m) ,
7.50, 7.55 (d) (aromatic H's); 7.89, 7.92 (d, 8 H, aromatic
H's ortho-S02-) . 13C NMR (CDCI3 ) : (Figure 2.20) 29.78
(3 -CH3 ) , 34.93 (-C(CH3)2), 113.4, 116.4, 117.2, 118.2, 120.6,
121.8, 122.6, 125.8, 127.6, 128.7, 129.8, 129.9, 132.5,
135.5, 135.8, 135.9, 137.5, 139.0, 143.6, 154.5, 155.0,
160.9, 161.1, 161.2, 161.5 (aromatic C*s). FT-IR (film from
CHCI3 ) ; (Figure 2.21) 1044.2 cm'1 (-C-Br) .
Silylation of Brominated Bi/TBH PSF, [15].
n-Butyllithium (1.54 mmoles, 2.5M) was added dropwise 
to a N2 purged and stirred solution of brominated Bi/TBH PSF 
(0.50 g, 0.53 mmoles) in 15 ml dry tetrahydrofuran at
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-78 °C. A viscous pinkish solution was formed which was 
stirred for 30 minutes before a 5 ml solution of 
trimethylsilylchloride was added. The reaction was allowed 
to proceed for another hour after the addition of TMSC, then 
the resulting solution was precipitated into isopropyl 
alcohol, washed several times with isopropyl alcohol, 
filtered and dried in vacuum. The yield was 0.37 g (75.5%, 
D.F. = 2  , [rj] =0.42, Tg = 191° C ) of silylated polymer,
[16] , (Scheme 2.5) . XH NMR (CDC13) : (Figure 2.22) 1.36
(3-CH3) , 0.40, 0.44 (-Si (CH3) 3) , 6.89-7.17 (m) , 7.46-7.64 
(m) , 7.81-7.94 (m) , (aromatic H's) . 13C NMR (CDC13) : (Figure
2.23) 1.03, 1.26, (-Si (CH3) 3) , 30.02 (-CH3) , 34.98 
(-C(CH3)2), 117.3, 117.9, 118.9, 120.6, 122.9, 125.7,
128.6, 129.5, 129.8, 131.5, 132.5, 137.0, 139.4, 140.6,
144.3, 150.8, 154.6, 156.7, 160.4, 161.8 (aromatic C's).
FT-IR (film from CHC13) ; (Figure 2.24) 2957.4, 842.5, 757.4 
cm'1 (-Si (CH3)3) .
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Scheme 2.5 Synthesis of Brominated Bi/TBH PSF, [15],








Figure 2.19 1ff NMR of Brominated Bi/TBH PSF, [15].
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Figure 2.20 13C NMR of Brominated Bi/TBH PSF, [15].
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Figure 2.22 1tf NMR of Silylated Bi/TBH PSF, [16].
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Figure 2.23 13C NMR of Silylated Bi/TBH PSFf [16].























Silylation of Bi/TBH PSF, [3].
n-Butyllithium (3.1 mmoles, 2.5M) was added dropwise to 
a N2 purged and stirred solution of Bi/TBH PSF (1.0 g, 1.28 
mmoles) in 75 ml of THF at -78 °C. The solution was stirred 
for 30 minutes before 10 ml of TMSC was added. The reaction 
was allowed to continue for an hour before precipitating 
into isopropyl alcohol. The recovered silylated polymer 
[17],(Scheme 2.6) was washed several times with isopropyl 
alcohol, filtered, and dried in vacuo to yield 1.09 g 
(92.2%, D.F. =2, [77] = 0.45, Tg = 192° C) . XH NMR (CDCI3) :
(Figure 2.25) 0.37, 0.41 (s, (-Si(CH3)3), 6.87 (s) , 7.01-
7.14 (m), 7.40-7.57 (m), 7.61-7.92 (m) (aromatic H's).
13CNMR (CDC1 z) : (Figure 2.26) 1.06 (-Si(CH3)3), 30.06 
(-CH3) , 35.0 (-C(CH3)2), 117.4, 117.9, 118.9, 1 2 0 .6 , 1 2 2 .8 ,
126.2, 128.7, 129.5, 129.8, 135.7, 131.5, 136.3, 140.8,
143.3, 144.3, 150.9, 151.2, 154.6, 160.5, 161.8 (aromatic 
C's). FT-IR (film from CHC13) ;(Figure 2.27) 2957.7, 844.6, 
757.5 cm’1 (-Si (CH3) 3) .
Scheme 2.6 Synthesis of Silylated Bi/TBH PSF, [17].
Figure 2.25 1ff NMR of Silylated Bi/TBH PSF, [17].
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Figure 2.26 13C NMR of Silylated Bi/TBH PSF, [17].











Figure 2.27 FT-IR of Silylated Bi/TBH PSF, [17].
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Bromination of Bi PSF, [1].
A solution of bromine (7.36 g, 4.6 mmoles) in 10 ml 
chloroform was added to a stirred solution of Bi PSF (8.0 g, 
20 mmoles) in 100 ml chloroform. The mixture was stirred at 
room temperature for 24 hours. Excess bromine was purged 
from the reaction mixture to a trap half filled with water, 
by bubbling N2 into the reaction mixture. The mixture was 
precipitated into methanol, then allowed to stand in 
solution for a day in order to further leach out any 
residual free bromine. The recovered polymer [12],(Scheme 
2.7) was filtered, washed with water and methanol, then 
dried in vacuo for 2 days at 40 °C. A yield of 8.6 g (77%, 
D.F. =2, Tg = 222° C, [17] = 0.65) was obtained. 1H NMR 
(DMF-d7) : (Figure 2.28) 7.19-7.29 (m), 7.40, 7.44 (d), 7.80- 
7.91 (m) , 8.02-8.24 (m) , (aromatic H 's) . 13C NMR (CDC13) :
(Figure 2.29) 116.7, 118.0, 118.8, 121.5, 129.3, 130.7, 
137.0, 137.2, 155.9, 162.4 (aromatic C's). FT-IR (film from 
CHC13) ; (Figure 2.30) 1044 cm'1 (-C-Br) .
Silylation of Brominated Bi PSF, [12].
n-Butyllithium (3.58 mmoles, 2.5M) was added dropwise 
to a N2 purged and stirred solution of dibrominated Bi PSF 
(1.0 g, 1.79 mmoles) in 10 ml of dry THF at -78 °C. A 
viscous pinkish solution was formed which was stirred for 3 0 
minutes before a 10 ml solution of trimethylsilylchloride 
was added. The reaction was allowed to proceed for another
hour after the addition of TMSC, then the resulting solution 
was precipitated into isopropyl alcohol, washed several 
times with IPA, filtered and dried in vacuum. The yield was 
0.83 g (98 %, D.F. = 1.0, r? = 0.43, Tg = 208° C) of 
silylated polymer, [13], (Scheme 2.8). XH NMR (CDC13) : 
(Figure 2.31) 0.242 (-Si(CH3)3 ortho-ether) ; 0.398 (-Si(CH3)3 
ortho-sulfone); 6.98-7.12 (m), 7.55, 7.59 (d), 7.76 (s), 
(aromatic H's); 7.86, 7.90(d, 4H, aromatic H's ortho- 
sulfone) . 13C NMR (CDC13) : (Figure 2.32) -0.881 (-Si(CH3)3
ortho-ether); 1.28 (-Si(CH3)3 ortho-sulfone); 117.2, 117.9,
120.6, 127.6, 128.7, 129.8, 132.5, 135.7, 137.0, 139.1,
154.6, 161.1, 161.8 (aromatic C's). FT-IR (film from 
CHC13) ; (Figure 2.33) 2965.2, 832.0, 754.3 cm"1 (-Si (CH3) 3) .
Silylation of Bi PSF, [1].
n-Butyllithium (6.0 mmoles, 2.5M) was added dropwise to 
a Nz purged and stirred solution of Bi/TBH PSF (1.0 g, 2.50 
mmoles) in 10 ml of THF at -78 °C. The solution was stirred 
for 30 minutes before 10 ml of TMSC was added. The reaction 
was allowed to continue for an hour before precipitating 
into isopropyl alcohol. The recovered silylated polymer 
[14], was washed several times with isopropyl alcohol, 
filtered, and dried in vacuo to yield 0.85 g. XH NMR (CDC13) 
showed only a small peak at 0.38 due to (-Si(CH3)3) and 
13C NMR (CDC13) at 1.10 due to (-Si(CH3)3).
Scheme 2.7 Synthesis of Brominated Bi PSF,
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Figure 2.28 1ff NMR of Brominated Bi PSF, [12].
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Figure 2.29 13C NMR of Brominated Bi PSF, [12].
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Figure 2.31 NMR of Silylated Bi PSFf [13].
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Figure 2.32 13C NMR of Silylated Bi PSF, [13].
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Figure 2.33 FT-IR of Silylated Bi PSF, [13].










2.4 Results and Discussion
The structures of the silylated polysulfones were 
assigned on the basis of chemical shifts in 1H NMR, 13C NMR 
and infrared spectra. Degree of functionalization (DF) was 
determined by integration of the 1H NMR using the integral 
of the methyl protons for derivatives of BSA PSF and Bi/TBH 
PSF, and the integral of the aromatic protons ortho to the 
sulfone for Bi PSF and Bi/Hq PSF as internal standards.
13C NMR chemical shifts were assigned for each polymer in a 
manner consistent with the calculated values using 
additivity rules64 (Table 2.1 - Table 2.12). The presence of 
functional groups, like bromine (-Br) and silyl (-Si(CH3)3 
were confirmed by FT-IR.
The two step process of bromination/lithiation of 
polysulfones is an efficient procedure for introducing 
trimethylsilyl substituents unto arylene ether groups. All 
bromination reactions proceeded well in the presence of 
elemental bromine without the use of a catalyst at room 
temperature. An evolution of white clouds of hydrogen 
bromide was observed within half an hour of addition of 
bromine to the reactants. All brominated polysulfones 
(Table 2.13) except the Bi PSF showed a slight decrease in 
viscosity, and were still soluble in halogenated hydrocarbon 
solvents, NMP, DMF, DMSO and THF. Bi PSF showed an increase 
in viscosity, and decrease in solubility in halogenated 
hydrocarbon solvents. A common small increase in glass
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transition temperatures of the brominated polysulfones 
compared to the unmodified polymers was observed. The 
brominated analogue of Bi PSF showed the largest increase in 
glass transition.
The reactive position for aromatic bromination was 
always ortho to the aryl ether linkage in bisphenol, 
biphenol, hydroquinone, or tert-butyl hydroquinone portion 
of the repeat units. This was expected due to the 
activating effect of the oxygen atom towards electrophilic 
substitution. Although previous studies showed that a 
maximum of two bromine atoms can be substituted per repeat 
unit116’nfrithout polymer degradation, we were able to 
introduce three bromine atoms to Bi/Hq PSF and Bi/TBH PSF, 
without further degradation as shown by the viscosity 
measurements. In the latter case approximately 10% ipso 
substitution was observed.
A low temperature lithiation of the brominated 
polysulfones was carried out with relative ease. Formation 
of a pinkish to reddish highly viscous gel was observed 
shortly after the addition of BuLi. The lithiated 
intermediates were not isolated, but were immediately 
quenched with TMSC. Hydrolysis of the resulting silylated 
products was avoided by precipitation into isopropanol. The 
silylated polymers showed no significant change in intrinsic 
viscosities. An interesting observation is the increase in 
solubility of ortho-ether silylated Bi PSF in halogenated
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hydrocarbons, compared to the brominated and non-silylated 
Bi PSF.
All silylated polymers showed significant decreases in 
glass transition temperatures; both the silylated BSA PSF 
and Bi/TBH PSF exhibiting reductions in Tg's of thirty 
degrees centigrade. Both the ortho-ether and ortho-sulfone 
silylated derivatives exhibited the same degree of reduction 
of glass transition temperatures. The silylated Bi/Hq PSF 
(d =14) and Bi PSF (d =4) exhibited a lesser reduction in 
Tg' s .
A competitive metal-hydrogen exchange was observed in 
the silylated products of the Bi/Hq (C-25= 1.25 ppm) and 
Bi/TBH PSF's (C-26= 1.26 ppm) due to the acidic protons of 
the biphenyl moeity. This exchange was more dominant with 
the Bi/TBH; a ratio of 1:1 silylated product of the ortho­
ether to ortho-sulfone was obtained. The extent of metal- 
hydrogen exchange due to acidic protons ortho to the 
sulfonyl group was difficult to determine since the 1H NMR 
chemical shift of (-Si(CH3)3) in this position overlapped 
with that of ortho-ether substituted (-Si(CH3)3). Ipso 
substitution of the tert-butyl group by (-Si(CH3)3) in 
Bi/TBH PSF (-1.02 ppm) was also observed.
The one step lithiation/silylation process of 
polysulfones gave silylated products with substitution 
preferentially ortho to the sulfone moeity of the 
diphenylsulfone group. This metal-hydrogen exchange
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was due to the increased acidity of the ortho-sulfone 
hydrogens compared to the other protons in the molecule. A 
small degree of competition was observed with acidic protons 
in the meta-ether position of the biphenyl group of Bi/Hq 
PSF and Bi/TBH PSF.
Changes in the glass transition temperatures and 
viscosities of the silylated polymers formed by the metal- 
hydrogen exchange followed the same pattern as the silylated 
polymers obtained by halogen-metal exchange. Direct 
lithiation of the Bi PSF was not as facile as that of the 
other polysulfones. Only a small indication of hydrogen- 
metal exchange was observed with silylation of Bi PSF.
Table 2.1 Comparison of Calculated and Experimental












Table 2.2 Comparison of Calculated and Experimental
13NMR Chemical Shifts of Brominated BSA PSF, ;
c Calculated Experimental
1 157.8 148.6










12 42 . 6
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Table 2.3 Comparison of Calculated and Experimental
13 NMR Chemical Shifts of Silylated BSA PSF, [6].
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Table 2.4 Comparison of Calculated and Experimental




















Table 2.5 Comparison of Calculated and Experimental
13NMR Chemical Shifts of Brominated Bi/Hq PSF, [8J.
c Calculated Expt. C Calculated Expt.
1 156. 6 155. 0 13 127.1 129.8
2 119.5 118.0 14 138.8 139. 1
3 127.7 128. 6 15 154.5 151.7
4 136.2 135.7 16 122.6 123.5
5 138.4 137.0 17 113.9 117.1
6 131.0 132.4 18 155.6 154.5
7 114 .1 116.3 19 121.5 120.7
8 159.9 161. 0 20 118.3 118.2
9 121.9 121.9 21 138.8 137.6
10 126.7 127.5 22 127.1 128.7
11 164.4 161.8 23 120.2 117.6
12 120.2 117.9 24 164.4 161.5
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Table 2.6 Comparison of Calculated and Experimental





c Calculated Expt. C Calculated Expt.
1 123.7 121.9 14 132.1 134.4
2 118.2 117.7 15 132.9 132.5
3 164 .4 161.8 16 161.0 160.3
4 120.2 120.4 17 118.4 119.3
5 127.1 129.8 18 126.1 126.1
6 138.8 137.6 19 132.7 131.5
7 164.4 161.8 20 156.7 154.6
8 156.6 154.6 21 118.2 117.3
9 119.5 117.9 22 151.2 151.8
10 127.7 128.7 23 00CO•01
11 136.2 137.0 24 1.03
12 120.2 120. 6
13 135.1 135.7
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Table 2.7 Comparison of Calculated and Experimental
™NMR Chemical Shifts of Silylated Bi/Hq PSF, [10].
Si(CHj), ,Si(CH,)s
10
c Calculated Expt. C Calculated Expt.
1 152.3 151.8 16 119.5 117.9
2 119.3 116.4 17 127.7 129.5
3 119. 3 116.8 18 136.2 136.7
4 152 . 3 151.8 19 136.2 135.7
5 163 . 3 160.1 20 127.7 128.5
6 124.6 125.6 21 119.5 117.7
7 140. 5 140.8 22 156. 6 154.6
8 143.2 143.4 23 163.3 160.2
9 126. 0 131.5 24 124.6 126. 1
10 119.1 120.4 25 140.5 140.8
11 138.8 137.0 26 143.2 143 .4
12 127.1 129.8 27 126. 0 132.5
13 120.2 121.8 28 119. 1 120.6
14 164.4 161.8 29 1.03
15 156. 6 154 .8
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Table 2.8 Comparison of Calculated and Experimental
™NMR Chemical Shifts of Brominated Bi/TBH PSF, [15].
15
c Calculated Expt. C Calculated Expt.
1 142.6 143.6 16 119.5 120.6
2 117.1 118.2 17 127.7 128.7
3 157 .4 155. 0 18 135.7 135. 5
4 114 .1 113.4 19 164.4 161.5
5 117.6 116.4 20 138.8 135.9
6 154.4 155. 0 21 127.1 129.8
7 164.4 161.1 22 120.2 122.6
8 120.2 121.8 23 138.4 137.5
9 127.1 129.9 24 131.0 132.5
10 138.8 135.8 25 114.1 117.2
11 138.8 139.0 26 159.9 160.9
12 127.1 129.8 27 121.7 125.8
13 120.2 122.6 28 126.7 127.6
14 164 .4 161.2 29 34.93
15 156.6 154.5 30 29.78
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Table 2.9 Comparison of Calculated and Experimental





c Calculated Expt. C Calculated Expt.
1 135.1 137.0 14 147.8 150.8
2 132.1 129.8 15 117.7 122.9
3 132.9 132.5 16 129.6(132.7) 131. 5
4 161. 0 160.4 17 126.6 125.7
5 164.4 161.8 18 118.4 117.9
6 120.2 120.6 19 127.7 129.5
7 127.1 128.6 20 119.5 118.9 "
8 138.8 140.6 21 156.6 154.6
9 120.2 120.6 22 136.2 139.4
10 164.4 161.8 23 34.98
11 156.3 156.7 24 30. 03
12 114.8 117.3 25 1.26
13 140.3 144.3 26 1.03
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Table 2.10 Comparison of Calculated and Experimental
™NMR Chemical Shifts of Silylated Bi/TBH PSF, [17].
u i»/C(£Ha)3 Si(CHa)3 2 2 « 12 12
22 21
17
c Calculated Expt. C Calculated Expt.
1 136. 2 135.7 14 164.4 161.8
2 127 . 7 128.7 15 120.2 1 2 0 . 6
3 119.5 118.9 16 127 .1 131.5
4 156. 6 154 . 6 17 152 . 7 151. 2
5 163 . 3 160.5 18 122.7 117.4
6 124 . 6 126.2 19 141.4 144 .3
7 140. 5 143 . 3 20 148 . 9 150.9
8 143 . 3 140.8 21 118.9 118.9
9 120.4 129.5 22 116.2 117.9
10 119 . 1 122.8 23 35.0
11 138 . 8 136.3 24 30.0
12 127. 1 129 .8 25 1.06
13 1 2 0 . 2 120.6
Table 2.11 Comparison of Calculated and Experimental















Table 2.12 Comparison of Calculated and Experimental








4 161. 0 161.1
5 118.4 117.2












Table 2.13 Properties of Silylated Polysulfones
Polysulfone DF n Tg °C
1. BSA PSF 0.49 189
Brominated 2.0 0.37 190
ortho-ether Si(CH3)3 2.0 0.38 159
ortho-sulfone Si(CH3)3 2.0 0.39 160
2. Bi/Hq PSF 0.76 199
Brominated 2 . 0 0. 65 200
ortho-ether Si(CH3)3 1.7 0.64 186
ortho-sulfone Si(CH3)3 2.3 0.61 176
3. Bi/TBH PSF 0.49 219
Brominated 3.7 0.47 220
ortho-ether Si(CH3)3 1.6 0.42 191
ortho-sulfone Si(CH3)3 2.0 0.45 192
4. Bi PSF 0.50 218
Brominated 2 . 0 0.65 222
ortho-ether Si(CH3)3 1.0 0.43 208
123
2.5 Conclusion
By choosing the appropriate reaction conditions, 
silylations of poly(arylene ether sulfones) can be effected 
at both positions ortho to ether linkages and ortho to 
sulfone linkages within the polysulfone molecule. It is 
possible to introduce one trimethylsilyl group per aromatic 
ring without crosslinking or degrading the polymer. This 
concentration of silyl groups should be adequate for a 
barrier resin, which leaves a Si02 layer upon exposure to 
reactive ion etching with an oxygen plasma.
Modification of the positions ortho to ether structures 
can be achieved by a two step process involving 
electrophilic bromination followed by lithiation and 
quenching with trimethylchlorosilane. Soluble polysulfones 
with degrees of functionality as high as 3 can be produced 
and metalated quantitatively. Upon quenching with TMCS, 
highly soluble modified polysulfones are formed with a 
minimum of chain scission.
Modification of the positions ortho to sulfone units 
can be achieved regiospecifically by direct lithiation on 
the polymers. The neighboring sulfone group stabilizes the 
lithium counterion when the anionic charge is in the ortho 
position so hydrogen abstraction occurs readily. Our 
results indicate that hydrogens meta to biphenylene oxide 
linkages were labile enough to undergo exchange with BuLi. 
The competition between the two sites of metalation can be
controlled by the polysulfone to butyllithium mole ratios. 
Stoichiometric ratios lead to ortho metalation; the meta 
metalation occurs when large excesses of butyl lithium are 
employed. Quenching of the lithiated intermediates with the 
electrophile, TMSC leads to soluble silylated derivatives. 
Significant lowering of glass transition temperature was 
observed in all silylated polysulfones.
If molar excesses of butyl lithium relative to 
brominated polysulfones are employed, both halogen metal 
exchange and abstraction of hydrogen atoms ortho to sulfone 
linkages occur. Using this technique every aromatic ring in 
the poly(arylene ether sulfone) can be silylated. Films can 
be cast from the poly silylated resins; their etch 
resistance remains to be tested.
CHAPTER 3





Polymers with amino functional groups are very 
reactive percursors or intermediates in polymeric 
modifications. Polyamines have found applications in the 
biological and medical fields125'126, the textile dye 
industry127, and the electronics industry. Specific 
applications include: macroinitiators for grafting of 
Y-benzyl-L-glutamate-N-carboxyanhydride128 for drug 
delivery purposes, exchange resins or chromatogaphic 
supports129'130*131, and polymeric catalysts132. Recently 
their potential as high performance thermoplastics with good 
semiconducting properties133'136, as well as masks, 
packaging materials or photoresists for x-ray 
lithography137"142 are under scrutiny. Introduction of amine 
functionality into polymeric molecules is known to impart a 
wide range of properties to polymers; the most common of 
which are to transform the polymers into reactive substrates 
and radiation sensitive networks143,52.
3.2 Approaches to Modification of Poly(arylene ether
sulfones) by Amination.
Direct amination of aromatic compounds using 
hydroxylamine-O-sulfonic acid144, salts of hydroxyl- 
amine145, and other similar approaches are ineffective. 
Kahovec146 developed a simple and versatile two-step non- 
reductive approach for synthesis of polymers bearing primary
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aromatic groups. This method involves a nucleophilic 
aromatic substitution of an activated aryl halide or nitro 
substituent with sodium 4-acetylaminobenzene sulfinate. 
Subsequent deacetylation of the intermediate acetanilide is 
effected by acid hydrolysis. Although effective this 
technique introduces a phenyl substituent and can be applied 
only to suitably activated polymeric substrates.
A more general approach to aminated aromatic polymers 
is an introduction of a nitro group by electrophilic 
substitution followed by a reduction. The use of 
concentrated acids,i.e., nitric and sulphuric acid, a 
standard reaction mixture for nitration, has been proven to 
be effective on polymers, but often competing sulfonation of 
the poly(arylene ether) aromatic ring is observed. However, 
the side reactions can be minimized by using ammonium 
nitrate (NH4NO3) in trifluoroacetic anhydride (TFAA) as been 
reported by Crivello147; this reagent mixture is an 
effective, simple and efficient nitrating reagent and can be 
used in halogenated solvents. Experiments conducted in our 
laboratory on bisphenol based (poly-arylene ether) sulfone128 
demonstrated the utility of NH4NO3/TFAA in nitrating arylene 
ether subunits. The same procedure was used to effect the 
nitration of the polymeric substrates in this study. The 
nitrated polymers were isolated with an average yield of 
90%; the solubility of modified polymers in halogenated 
solvents; DMF, THF, NMP, CHP, and DMSO was unaffected.
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Reduction of a nitro group to a primary aromatic amine 
is a standard organic reaction; a broad range of effective 
reducing agents is reported. Reduction of nitro groups by 
hydrogenation with Pd/C, and Ni catalyst, Pd/C and NaBH4128, 
aqueous TiCl3148, sodium formate and monobasic potassium 
phosphate149 are can be conducted on low molecular weight 
aromatic derivatives, but we observed no evidence for 
reduction of nitrated poly(arylene ether sulfones). Similar 
failures were reported by Naik et al150, and were 
attributed to poisoning of the metal catalyst by sulphur- 
containing compounds. Reductions of nitrated polymers using 
other methods, i.e., tin(II) chloride and conc. HC1151 or 
Raney nickel with hydrazine152, yielded insoluble products 
with minimal evidence of reduction. Thus, reagents for 
reduction of our nitrated polymers seem to be limited to 
three reducing reagents.
Daly et al116,153 reported the facile reduction of 
nitrated aromatic polymers with sodium dithionite. Naik and 
associates150repeated the work and reported that sodium 
dithionite effects a complete reduction of nitrated 
poly(oxy-1,4-phenyleneoxy-l1,4'-phenylenesulphonyl-1'',4''- 
phenylene)(PEES). Normal reactivity of polymeric amines was 
confirmed by conversion of the amino groups to maleimides.
An increase in glass transition temperatures was observed 
with increasing degrees of amination. This phenomena was 
attributed to an increase in chain stiffness due to
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hydrogen-bonding between the amino protons and the sulphone 
or ether functional group151.
Lalancette and associates, reported the selective 
reduction of aldehydes154 and ketones155 to alcohols, with 
sulfur and sodium borohydride under appropriate reaction 
conditions. Their work on oximes156, and compounds with 
the nitro, nitrile, amide, and nitroso functional 
groups157, showed that this reagent can efficiently reduce 
these substituents to their corresponding amino derivatives. 
The conditions for effective formation of sulfurated sodium 
borohydride from sulfur and sodium borohydride were also 
carefully defined by this group158. Their research showed 
that sulfurated sodium borohydride can reduce aromatic nitro 
derivatives to corresponding amines in very high yields, 
without interference from halogen, ester, nitrile, ether, or 
olefinic functional substituents. Although tetrahydrofuran 
was the common solvent of choice, diglyme and hexamethyl- 
phosphoric triamide were also considered appropriate 
solvents. Since these are also good solvents for many 
polymers it appears that the procedure will have general 
utility in polymer modification.
Titanium chemistry is utilized in various organic 
synthetic reactions. As a Lewis acid, the strong affinity 
of titanium halides for an electron pair coupled with their 
powerful dehydrating properties make titanium reagents 
effective for various synthetic transformations. Some of
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their applications are: efficient generation of carbon- 
carbon bonds by formation of silyl enol ether 
intermediates159, formation of carboxamides from carboxylic 
acids and amines160, and regiospecific transformation of 
acetals or carbonyl compounds in the presence of 
allylsilanes to their corresponding P / Y-unsaturated alcohols 
or ethers161.
An interesting approach for reduction of sulfides and 
vinylic or aromatic halides to their corresponding 
hydrocarbons, was reported by Mukaiyama et al162. This 
method used LAH with TiCl4 in a 2:1 ratio. Malinowski, 
extending his work on deoxygenation of aromatic N-oxides163 
to reduction of nitro groups in pyridine derivatives, was 
able to obtain yields up to 98% with TiCl4 and LAH16a. 
Research done on the mechanism of this transformation 
established that the reactive specie in reduction of these 
functional groups was either a low-valent Ti(l) or Ti(0) 
which was formed in situ by reduction of TiCl4 with 
LAH165'166.
Reduction of the nitrated polymers in our study was 
effected using sodium dithionite (Scheme 3.1-3.4). 
Comparative studies on reduction of nitrated BSA PSF (Scheme 
3.1), with the use of sulfurated sodium borohydride and 
TiCl4/LAH were also performed. Sodium dithionite can easily 
effect complete reduction of all the nitrated polymers 
examined. The use of sulfur/sodium borohydride and
titanium/lithium aluminum hydride as effective reducing 
agents was also demonstrated, but each of these procedures 
have restrictions.
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Scheme 3.1 Synthesis of Nitrated BSA PSF, [11],
and Aminated BSA PSF Reduced by TiCl^/LAH [18], 






Reducing agents used were a) S, NaBH4 
b) TiCl3, LAH c) Na2S204
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Scheme 3.2 Synthesis of Nitrated Bi/Hq PSF, [21],
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Scheme 3.3 Synthesis of Nitrated Bi/TBH PSF, [23],











Scheme 3.4 Synthesis of Nitrated Bi PSF, [25],
and Aminated Bi PSF Reduced by Sodium
Dithionite, [26].











3.3 Approaches to Modification of Poly(arylene ether)
sulfones) by Aminomethylation
The presence of an alkyl group as a spacer between the 
aromatic and amino group had been shown to increase the 
nucleophilicity of amines. For example, benzylic amines are 
observed to initiate polymerization of N-carboxyamino acid 
anhydrides (NCA)166 more effectively than aromatic amines 
derivatives. Preparation of primary aliphatic amine 
derivatives can be accomplished by reduction of the cyano 
group with diborane167, and lithium aluminum hydride166, and 
the reduction of the azido group with 1,3-propanedithiol128 
These processes led to polymers with poor solubility in 
organic solvents, and introduction of the appropriate 
precursor substituents on aromatic rings is not accomplished 
easily.
An efficient process for incorporation of alkyl spacer 
groups is a modification166of the Gabriel synthesis. This 
process involves substitution of the phthalimidomethyl 
substituent directly unto arylene ether linkages. The 
substitution is effected with the using N- 
hydroxymethylphthalimide in strong protic media such as 
dichloromethane/trifluoroacetic acid and trifluoromethane- 
sulfonic acid. Subsequent hydrazinolysis of the phthalimide 
blocking groups produces aminomethylated polymers which are 
soluble in halogenated solvents, THF, DMF, and DMSO. Using 
this approach, the Bi PSF (Scheme 3.5) and Bi/Hq PSF (Scheme
polymers were aminomethylated. In spite of some difficulty 
in hydrazinolysis of the phthalimide substituents, 
conditions were developed which can introduce one 
milliequivalent of aminomethyl group per arylene ether 
repeat unit of polysulfones with minimum concommitant chain 
scission.
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Scheme 3.5 Synthesis of Phthalimidomethylated Bi PSF, [27],
and Aminomethylated Bi PSF, [28].













Scheme 3.6 Synthesis of Phthalimidomethylated Bi/Hq PSF 













All chemicals used were of reagent grade. Ammonium 
nitrate, trifluoroacetic acid (TFA), trifluoroacetic 
anhydride (TFAA), trifluoromethanesulfonic acid, titanium 
tetrachloride (TiCl4) , lithium aluminum hydride (LAH), 
sulfur, sodium borohydride (NaBfy) , N-hydroxymethy1- 
phthalimide, anhydrous sodium dithionite (Na2S204) and 
hydrazine were used as received without further
purification. Laboratory grade organic solvents were used.
Tetrahydrofuran (THF) was distilled from potassium 
benzophenone ketyl after refluxing over the reagents until 
the blue ketyl formed.
Polymers used in this modification were prepared as 
described in chapter 1. BSA PSF was obtained commercially.
Synthesis of Nitrated BSA PSF, [11].
Into a 250-ml, single-necked, round-bottomed flask 
equipped with a magnetic stirrer, refux condenser and drying 
tube, were charged BSA PSF [4], (20.00 g, 0.045 mole), 200
ml chloroform, ammonium nitrate (4.16 g, 0.052 mole), and 30
ml of TFAA. The reaction mixture was stirred at room
temperature for 24 hours or until the ammonium nitrate 
completely dissolved. The nitrated polymer [11], was 
recovered from the mixture by precipitation in methanol, 
then washed with saturated sodium bicarbonate, water, and 
finally with methanol. The polymer was dried in vacuo at
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45 °C for 24 hours; the yield was 22.7 g (DF = 2.0,
89 %, T) = 0.33, Tg = 189° C) . 1NMR (CDC13) ; (Figure 3.1)
1.73 (s, 6H, 2-CH3) ; 6.99, 7.03 (d) , 7.22, 7.26 (d), 7.42, 
7.46 (d) , 7.83-7.90 (m) (14H, aromatic H 1 s) . 13C NMR
(CDC13) : (Figure 3.2) 30.6 (-CH3) ; 42.6 (-C(CH3)3) ; 119.8
120.0, 122.8, 129.8, 133.3, 135.5, 141.6, 148.8, 153.3,
161.8 (aromatic C's). FT-IR (Film from CHC13) :
(Figure 3.3) 1533.5 cm*1 (-N02) .
Reduction of Nitrated BSA PSF, [11] with TiC^/LAH.
Titanium (0) reagent was prepared fresh by the slow 
addition of LAH (5.0 mmoles) to a stirred yellow suspension 
of titanium tetrachloride (7.0 mmoles) in THF (15 ml). The 
resultant black slurry was further stirred at room 
temperature for another 15 minutes. Nitrated BSA PSF, [11] 
(1.00 g, 1.9 mmoles) was dissolved in THF, and added 
portionwise to a stirred slurry of Ti (0) reagent. The 
reaction was stirred for an hour at room temperature, then 
decomposed with water and 25 % ammonium hydroxide solution. 
The mixture was extracted with chloroform (5 x 10 ml), the 
organic layer was dried over magnesium sulfate, and 
evaporated in vacuo to half its volume. The remaining 
chloroform solution was poured into methanol. The polymer 
was recoveded by filtration, dried and purified by 
redissolving in chloroform and reprecipitating in methanol. 
The reduced polymer, [18] (0.50 g, 99 %, rj = 0.15, DF = 2.0,
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Tg = 210 °C) was dried in vacuo. 1H NMR (CDC13) : (Figure
3.4) 1.72 (S, 6H, 2-CH3) ; 3.67 (b, 2H, -NH2) ; 6.58-6.99 (m) , 
7.21, 7.25 (d), 7.41, 7.45 (d), 7.85,7.89 (d) (14H, aromatic
H's). 13C NMR (CDCI3) : (Figure 3.5) 30.6 (-CH3) ; 42.6
(-C(CH3) 3) ; 115.7, 116.6, 119.8, 120.7, 128.4, 138.2, 138.9,
147.2, 148.8, 161.7 (aromatic C ’s). FT-IR (Film from 
CHCI3) : (Figure 3.6) 3491.4, 3377.3 cm'1 (-NH2) .
Reduction of Nitrated BSA PSF, [11] with Sulfurated 
borohydride.
Into a 300-ml round bottomed flask, was charged sulfur 
(0.69 g, 0.22 mole), and sodium borohydride (0.27 g, 0.007 
mole). THF (10 ml) was added to the flask and the mixture 
immediately formed a yellow suspension. The mixture was 
stirred until the yellow suspension turned dark amber in 
color. Nitrated BSA PSF, [11] (1.00 g, 1.9 mmoles) was
dissolved in 10 ml THF and slowly added to the freshly 
prepared sulfurated borohydride reagent. The reaction was 
allowed to proceed for 2 hours, then the mixture was 
evaporated to dryness. Chloroform was added to the residue, 
then the pH adjusted to pH = 1 with 10 % hydrochloric acid 
in order to precipitate unreacted sulfur from the solution. 
After filtering the mixture, the pH of the aqueous layer was 
raised to 11 with sodium hydroxide, and the reduced polymer 
was extracted with chloroform(3 x 10 ml). The chloroform 
extracts were combined, concentrated in vacuum, and
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precipitated in methanol. The reduced polymer, [19] was 
filtered and dried in vacuo to a constant weight of 0.63 g 
(DF = 2.0, 77 = 0.48, 71 %, Tg = 218 °C) . 1H NMR (CDC13) : 
(Figure 3.7) 1.68 (s, 6H, 2-CH3) ; 3.78 (b, -NH2) ; 6.87-7.03 
(m), 7.22-7.26 (m), 7.42-7.46 (m), 7.82-7.90 (m) 8.21 (b),
(14H, aromatic H's). 13C NMR (CDCI^) : (Figure 3.8) 30.9
(-CH3) ; 42.7 (-C(CH3)3) ; 115.7, 116.6, 117.7, 119.8, 128.5,
137.9, 139.7, 147.6, 148.5, 161.7 (aromatic C's). FT-IR 
(Film from CHC13: (Figure 3.9) 3480.2, 3381.6 cm’1 (-NH2) .
Reduction of Nitrated BSA PSF, [11] with Sodium 
Dithionite.
Nitrated polymer, [11] (0.50 g, 0.94 mole) was
dissolved in 10 ml dimethylformamide (DMF). To the polymer 
solution was added sodium dithionite (1.40 g, 8.05 mmoles), 
and the mixture was heated to reflux for 3 hours or until a 
greenish colored mixture formed. The mixture was filtered 
hot, and the filtrate was allowed to cool before it was 
poured into acidified methanol solution. The precipitated 
polymer was filtered, washed with saturated sodium 
bicarbonate, water, then methanol. The reduced polymer,
[20], was dried in vacuo to a weight of 0.40 g 
(DF = 2.0, 90 %, 77 = 0.45, Tg = 212 °C) . 1H NMR (CDC13) : 
(Figure 3.10) 1.65 (S, 6H, 2-CH3) ; 3.65 (2H, -NH2) ; 6 .68- 
6.94 (m), 7.21-7.26 (m), (10H, aromatic H's); 7.79 (s, 4H,
aromatic H's ortho -S02) . 13C NMR (CDC13) : (Figure 3.11)
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30.8 (-CH3) ; 42.4 (-C(CH3)3); 115.6, 116.6, 119.7, 120.7,
128.4, 138.2, 138.9, 147.3, 148.6, 161.6 (aromatic C's). 
FT-IR (Film from CHC13) : (Figure 3.12) 3474.8, 3378.2,
1625.3 cm'1 (-NH2) .
Synthesis of Nitrated Bi/Hq PSF, [21].
Into a 250-ml, single-necked, round-bottomed flask 
equipped with a magnetic stirrer, refux condenser and drying 
tube were charged Bi/Hq PSF [2], (3.0 g, 4.14 mmoles), 30 ml 
of chloroform, ammonium nitrate (0.35 g, 4.30 mmoles), and 
5.0 ml of TFAA. The reaction mixture was stirred for 24 
hours or until the ammonium nitrate completely dissolved.
The nitrated polymer [21], was recovered from the mixture by 
precipitation in methanol, then washed with saturated sodium 
bicarbonate, water, and finally with methanol. The polymer 
was dried in vacuo at 45 °C for 24 hours; the yield was
3.04 g (DF = 1.5, 95 %, 7] = 0.75, Tg = 200 °C) . 1H NMR
(CDC13) ; (Figure 3.13) 6.87-7.67 (m), 7.80-7.98 (m, aromatic 
H's) . 13C NMR (CDC13) : (Figure 3.14) 115.2, 118.3, 118.9,
120.3, 122.0, 123.4, 125.9, 128.9, 129.9, 133.5, 135.3,
135.7, 136.0, 136.9, 137.4, 149.7, 151.8, 155.2, 155.4,
160.0, 161.5, 161.8, 162.0 (aromatic C's). FT-IR (Film from 
CHC13) : (Figure 3.15) 1535.4 cm'1 (-N02) .
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Reduction of Nitrated Bi/Hq PSF, [21] with Sodium 
Dithionite.
Nitrated polymer, [21] (0.50 g, 0.59 mmole) was 
dissolved in 10 ml dimethylformamide (DMF). To the polymer 
solution was added sodium dithionite (0.41 g, 2.4 mmoles), 
and the mixture was heated to reflux for 5 hours or until 
the mixture turned yellowish in color. The mixture was 
filtered hot, and the filtrate cooled, before it was poured 
into acidified methanol solution. The precipitated polymer 
was filtered, washed with saturated sodium bicarbonate, 
water, then methanol. The reduced polymer,[22] was dried in 
vacuo and weighed (0.44 g, DF = 1.5, 95 %, rj = 0.79,
Tg = 217 °C) . 1H NMR (DMF-d7) : (Figure 3.16) 5.43 (b,
-NH2); 6.36-6.46 (t), 6.66-6.71 (d), 6.96- 7.89 (m), 8.02- 
8.06 (d) , (aromatic H's). 13C NMR (DMF-d7) : (Figure 3.17)
106.9, 108.8, 116.4, 116.8, 117.3, 119.2, 119.8, 121.0,
121.4, 126.6, 128.0, 136.0, 136.3, 136.9, 137.9, 142.2,
143.8, 153.7, 156.1, 161.1 (aromatic C's). FT-IR (Film from
CHC13) : (Figure 3.18) 3454.7, 3383.1, 1627.5 cm'1 (-NH2) .
Synthesis of Nitrated Bi/TBH PSF, [23]
Into a 250-ml, single-necked, round-bottomed flask 
equipped with a magnetic stirrer, refux condenser and drying 
tube were charged Bi/TBH PSF [3], (1.0 g, 1.3 mmoles), 20 ml
of chloroform, ammonium nitrate (0.24 g, 2.90 mmoles), and 
10 ml of TFAA. The reaction mixture was stirred for 24 hours
1
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or until the ammonium nitrate completely dissolved. The 
nitrated polymer [23], was recovered from the mixture by 
precipitation in methanol, then washed with saturated sodium 
bicarbonate, water, and finally with methanol. The polymer 
was dried in vacuo at 45 °C for 24 hours and the yield was 
0.92 g (DF = 1.6, 84 %, rj = 0.46, Tg = 220 °C) . 1H NMR 
(CDC13) : (Figure 3.19) 1.38 (3-CH3) ; 6.87 (s) , 7.08-7.15
(t), 7.28-7.63 (m) (aromatic H's); 7.89-7.93 (d, 8H, 
aromatic H's ortho to -S02) . 13C NMR (CDCI3) : (Figure
3.20) 29.6 (-CH3) ; 35.8 (-C(CH3)3); 115.2, 116.9, 120.1,
120.3, 120.7, 122.7, 123.4, 128.7, 129.8, 131.4, 133.5,
136.0, 137.0, 139.9, 143.5, 144.3, 149.7, 151.1, 155.4,
161.8, 162.0 (aromatic C's). FT-IR (Film from CHC13) :
(Figure 3.21) 1532.8 cm*1 (-N02) .
Reduction of Nitrated Bi/TBH PSF, [23] with Sodium 
Dithionite.
Nitrated polymer, [23] (0.50 g, 0.58 mmole) was
dissolved in 10 ml dimethylformamide (DMF). To the polymer 
solution was added sodium dithionite (0.41 g, 2.3 mmoles), 
and the mixture was heated to reflux for 5 hours or until 
the mixture gave a blue color to ninhydrin test solution.
The mixture was filtered hot, and the filtrate cooled, 
before it was poured into acidified methanol solution. The 
precipitated polymer was filtered, washed with saturated 
sodium bicarbonate, water, then methanol. The reduced
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polymer, [24] was dried in vacuo and weighed 0.43 g (84 %,
DF = 1.6, ry = 0.56, Tg = 240 °C) . 1H NMR (CDC13) : (Figure 
3.22) 1.25 (3-CH3) ; 3.60 (b, -NH2) ; 6.31-7.07 (m) , 7.44-7.48 
(d) (aromatic H's); 7.73-7.86 (d, 8H, aromatic H's ortho 
-S02-) . 13C NMR (CDC13) : (Figure 3.23) 30.4 (-CH3) ; 34.1
(-C(CH3)3) ; 109.7, 115.5, 116.2, 118.0, 120.6, 123.1, 129.9,
132.0, 135.0, 135.1, 137.0, 138.1, 139.5, 145.8, 151.5,
156.0, 161.7 (aromatic C's). FT-IR (Film from CHC13) :
(Figure 3.24) 3476.7, 3380.5, 1630.1 cm'1 (-NH2) .
Synthesis of Nitrated Bi PSF, [25]
Into a 250-ml, single-necked, round-bottomed flask 
equipped with a magnetic stirrer, refux condenser and drying 
tube were charged Bi PSF [1], (3.0 g, 7.5 mmoles), 70 ml of
chloroform, ammonium nitrate (1.38 g, 17.3 mmoles), and 30 
ml of TFAA. The reaction mixture was stirred for 24 hours or 
until the ammonium nitrate completely dissolved. The 
nitrated polymer [25], was recovered from the mixture by 
precipitation in methanol, then washed with saturated sodium 
bicarbonate, water, and finally with methanol. The nitrated 
polymer was dried in vacuo at 45 °C for 24 hours and the 
yield was 3.51 g (DF = 1.2, 94 %, r? = 0.46, Tg = 219 °C) .
1H NMR (DMF-d7) : (Figure 3.25) 7.26-7.90 (m), 8.00-8.02 (d), 
8.29 (s), 8.36 (s), 8.68 (s) (aromatic H's); 8.13-8.18 
(d, 4H, aromatic H's ortho-S02) . 13C NMR (DMF-d7) : (Figure
3.26) 119.2, 119.9, 121.1, 123.9, 129.9, 131.0, 134.9,
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135.7, 137.8, 142.6, 150.6, 156.5, 161.3 (aromatic C's). 
FT-IR (Film from CHC13) : (Figure 3.27) 1539.3 cm'1
(-N02) .
Reduction of Nitrated Bi PSF, [25] with Sodium 
Dithionite.
Nitrated polymer, [25] (0.50 g, 1.02 mmoles) was
dissolved in 10 ml dimethylformamide (DMF). To the polymer 
solution was added sodium dithionite (1.41 g, 8.16 mmoles), 
and the mixture was heated to reflux for 2 hours or until 
the mixture turned greenish in color. The mixture was 
filtered hot, and the filtrate cooled, before it was poured 
into acidified methanol solution. The precipitated polymer 
was filtered, washed with saturated sodium bicarbonate, 
water, then methanol. The reduced polymer, [26] was dried 
in vacuo and weighed 0.38 g (DF = 1.2, 75 %, 77 = 0.50,
Tg = 261 °C) . 1H NMR (DMF-d7) : (Figure 3.28) 6.26-8.18 
(m, aromatic H's). 13C NMR (DMF-d7) : (Figure 3.29) 117.1,
118.3, 121.0, 122.2, 123.6, 130.0, 130.2, 135.7, 137.5,
139.4, 141.5, 147.4, 155.2, 162.3 (aromatic C's).
FT-IR (KBr) : (Figure 3.30) 3458.5, 3379.5 cm'1 (-NH2) .
Phthalimidomethylation of Bi PSF, [1].
Into a 250-ml, single-necked, round-bottomed flask 
equipped with a magnetic stirrer, and drying tube was 
charged 30 ml solution of Bi PSF [1], (2.0 g, 5.0 mmoles) in
DMF. Into the mixture was added dropwise a solution of 
N-hydroxymethylphthalimide (1.82 g, 10.3 mmoles) in 3 ml 
trifluromethanesulfonic acid (CF3SO3H) and 30 ml 
trifluoracetic acid (TFA). The reaction mixture was stirred 
for 8 hours. The phthalimidomethylated polymer [27], was 
recovered from the mixture by precipitation in warm water, 
filtered, then washed with concentrated ammonium hydroxide, 
water, and finally with methanol. The recovered polymer was 
dried in vacuo at 45 °C for 24 hours and the yield was 
2.23 g (DF = 1.0, 82 %, r) = 0.48, Tg = 220 °C) . 1H NMR 
(CDCI3) : (Figure 3.31) 5.32 (s, -CH2NPhTh) ; (6.89-6.94 (d) ,
7.06-7.14 (t), 7.42-7.61 (m), 7.75-7.79 (m), 7.88-7.92 (m) 
(aromatic H's). 13C NMR (CDC13) : (Figure 3.32) 66.1
(-CH2NPhTh); 167.8 (C=0); 117.7, 118.0, 120.7, 123.5,
127.6, 127.8, 128.5, 129.9, 131.3, 134.9, 135.1, 135.4,
136.1, 154.1, 157.1, 161.2, (aromatic C's). FT-IR (Film 
from CHCI3) : (Figure 3.33) 1725.5 1777.8 cm'1 (C=0) .
Hydrazinolysis of Phthalimidomethylated Bi PSF, [27].
Into a 250-ml, single-necked, round-bottomed flask 
equipped with a magnetic stirrer, reflux condenser, and 
drying tube was charged phthalimidomethylated Bi PSF [27], 
(1.1 g, 1.9 mmoles), 50 ml DMF, 5 ml ethyl alcohol, and 
hydrazine hydrate (6.5 mmoles). The reaction mixture was 
refluxed for 24 hours. The reduced polymer [28], was 
recovered from the mixture by precipitation in warm water,
150
filtered, then washed with water, and methanol. The 
recovered polymer was dried in vacuo at 45 °C for 24 hours 
and the yield was 0.21 g (rj = 0.56, Tg = 230 °C) . 1H NMR 
(DMSO-d6) : (Figure 3.34) 3.22 (s,-NH2); 3.82 (s, -CH^NH^ ;
6.69-6.74 (d), 6.89-7.14 (m), 7.43-7.61 (m) (aromatic H's); 
7.88-7.92 (aromatic H's ortho-S02-) . 13C NMR (DMSO-d6) :
(Figure 3.35) 62.0 (-CH2NH2) ; 117.7, 118.0, 120.7, 127.6,
127.8, 128.5, 129.9, 135.1, 135.4, 136.1, 154.1, 157.1,
161.2 (aromatic C's). FT-IR (KBr): (Figure 3.36) 3381.0,
3469.8 cm'1 (NH2) .
Phthalimidomethylation of Bi/Hq PSF, [2].
Into a 250-ml, single-necked, round-bottomed flask 
equipped with a magnetic stirrer, and drying tube was 
charged 25 ml solution of Bi/Hq PSF [2], (3.62 g, 5.0
mmoles) in chloroform. Into the mixture was added dropwise
a solution of N-hydroxymethylphthalimide (2.1 g, 11.6
mmoles) in 3 ml trifluromethanesulfonic acid (CF3S03H) and
3 0 ml trifluoracetic acid (TFA). The reaction mixture was 
stirred for 8 hours. The phthalimidomethylated polymer 
[29], was recovered from the mixture by precipitation in 
methanol/water (70/30), filtered, then washed with 
concentrated ammonium hydroxide, water, and finally with 
methanol. The recovered polymer was dried in vacuo at 45 °C 
for 24 hours and the yield was 4.50 g (DF = 1.5, 93 %, 
r) = 0.74, Tg = 202 °C) . 1H NMR (CDCl3) : (Figure 3.37)
151
4.82 (S), 4.91 (s) (-ClfcNPhTh); 7.01-7.13 (m) , 7.46-7.81 
(m) , (aromatic H's); 7.87, 7.91 (d, aromatic H's ortho-S02) . 
13C NMR (CDC13) : (Figure 3.38) 37.0 (-CH2NPhTh) 7 167.8 (C=0) ;
117.5, 117.7, 117.9, 120.6, 121.1, 121.9, 123.3, 128.1,
128.7, 128.8, 129.8, 131.8, 134.2, 135.2, 135.7, 136.8,
137.5, 151.8, 154.6, 161.5, 161.8 (aromatic C 's). FT-IR 
(Film from CHC13) ; (Figure 3.39) 1716.2, 1771.1 cm-1 (C=0).
Hydrazinolysis of Phthalimidomethylated 
Bi/Hq PSF, [29].
Into a 250-ml, single-necked, round-bottomed flask 
equipped with a magnetic stirrer, reflux condenser, and 
drying tube was charged phthalimidomethylated Bi/Hq PSF 
[29], (1.0 g, 1.13 mmoles), 30 chloroform, and hydrazine
hydrate (3.5 mmoles). Into this mixture was added dropwise 
5 ml of 1.25M sodium hydroxide in ethyl alcohol. The 
reaction mixture was refluxed for 24 hours. The reduced 
polymer [30], was extracted from the mixture with chloroform 
(3x10 ml), and the volume of the combined chloroform 
extracts was reduced to half its volume. The resulting 
extract was precipitated in methanol, filtered, then washed 
with water until the pH is neutral, and finally washed again 
with methanol. The recovered polymer was dried in vacuo at 
45 °C for 24 hours and the yield was 0.75 g (rj = 0.80,
Tg = 210 °C) . 1H NMR (CHC13) : (Figure 3.40) 1.85 (s,-NH2);
3.75 (s, -CH2NH2); 6.42-7.15 (m), 7.44-7.62 (m) (aromatic
H's); 7.87-7.91 (aromatic H's ortho-S02. 13C NMR (CHC13) ;
(Figure 3.41) 29.7 (-CH2NH2) ; 117.7, 117.9, 120.7, 122.0,
123.3, 125.6, 128.7, 129.5, 134.2, 135.6, 137.1, 151.8,
154.6, 161.9 (aromatic C's). FT-IR (KBr): (Figure 3.42)
3381.0, 3469.8 cm'1 (NH2) .
Figure 3.1 yH NMR of Nitrated BSA PSF, [11].
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Figure 3.3 FT-IR of Nitrated BSA PSF, [11].
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Figure 3.4 1H NMR of Aminated BSA PSF Reduced
by TiCl^/LAH, [18].
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Figure 3.5 13C NMR of Aminated BSA PSF Reduced
by TiClt/LAH, [18].
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Figure 3. H NMR of Aminated BSA PSF Reduced
by Sulfurated Borohydride, [19],
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Figure 3.8 13C NMR of Aminated BSA PSF Reduced










Figure 3.9 FT-IR of Aminated BSA PSF Reduced
by Sulfurated Borohydride, [19].
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Figure 3.10 1H NMR of Aminated BSA PSF Reduced
by Sodium Dithionite, [20].
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Figure 3.11 13C NMR of Aminated BSA PSF Reduced
by Sodium Dithionite, [20].












Figure 3.12 FT-IR of Aminated BSA PSF Reduced
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Figure 3.13 1jf NMR of Nitrated Bi/Hq PSF, [21].
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Figure 3.14 13c NMR of Nitrated Bi/Hq PSF, [21].
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Figure 3.16 N M R o  f Aminated Bi/Sq PSF Reduced
y So&ium Dithionite, [22],
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Figure 3.17 13C NMR of Aminated Bi/Hq PSF Reduced
by Sodium Dithionite, [22].
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Figure 3.18 FT-IR of Aminated Bi/Hq PSF Reduced






Figure 3.19 1tf NMR of Nitrated Bi/TBH PSF, [23].
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Figure 3.20 13C NMR of Nitrated Bi/TBH PSF, [23].
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Figure 3.21 FT-IR of Nitrated Bi/TBH PSF, [23].
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Figure 3.22 1tf NMR of Aminated Bi/TBH PSF Reduced




Figure 3.23 13C NMR of Aminated Bi/TBH PSF Reduced









Figure 3.24 FT-IR of Aminated Bi/TBH PSF Reduced
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Figure 3.25 1# NMR of Nitrated Bi PSF, [25].
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Figure 3.26 13c NMR of Nitrated Bi PSF, [251.




Figure 3.28 1ff NMR of Aminated Bi PSF Reduced
by Sodium Dithionite, [26].
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Figure 3.29 13C NMR of Aminated Bi PSF Reduced
by Sodium Dithionite, [26].




Figure 3.30 FT-IR of Aminated Bi PSF Reduced





Wavenumbers (cm —1) H00
to
Figure 3.31 1H NMR of Phthalimidomethylated Bi PSF, [27].
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Figure 3.32 13C NMR of Phthalimidomethylated Bi PSFf [27].


































Figure 3.34 1tf NMR of Aminomethylated Bi PSF, [28].
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Figure 3.35 13c NMR of Aminomethylated Bi PSFf [28].
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Figure 3.37 1H NMR of Phthalimidomethylated
Bi/Hq PSF,[29].
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Figure 3.38 13C NMR of Phthalimidomethylated
Bi/Hq PSF, [29].
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Figure 3.40 1H NMR of Aminomethylated Bi/Hq PSF, [30].
' I ............. I ■ ■ ' ■ I  -T ' ' 1 ' 1 ,P |'1 ' | 1 ' I T t ‘ ' 1 | —  ' r ’ ' ' ' I" ■ ■ > ■ i ' > ■ ■ | ■
9.0 8.0 7.0 6.0 5.0 4.0 3.0
PPM
192
Figure 3.41 13c NMR of Aminomethylated Bi/Hq PSF, [30].
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3.5 Results and Discussion
Nitration of the poly(arylene ether) sulfones was 
observed to occur quantitatively with high yields. The 
substitution was regiospecific; only the positions ortho to 
the ether linkages coupled to activated aromatic rings were 
attacked. No substitution occurred on rings coupled to a 
deactivating sulfone linkage was detected. Except for a 
polymer with tert-butyl substituents, Bi/TBH PSF, which 
showed evidence of ipso substitution, no other signs of 
chain scission was observed. At high levels of substitution 
(D.F.> 3.0), a loss of 1-2% of the tert-butyl substituents 
on Bi/TBH PSF was attributed to ipso nitration; the 
disappearance of the tert-butyl group is difficult to detect 
by proton nmr, but the appearance of new peaks in the 13C 
NMR is observed. The nitrated polymers showed strong IR 
absorption band at about 153 0 cm'1 due to the nitro group .
No significant changes in solubility, intrinsic viscosity, 
and glass transition temperatures were observed with these 
polymers (Table 3.13). However, reduced hydrolytic 
stability and higher sensitivity to X-ray radiation relative 
to the analogous properties of the parent polymers are 
anticipated.
Complete reduction of the nitrated polymers was easily 
accomplished with sodium dithionite. The chemical shifts in 
the 1H NMR showed the appearance of protons due to the amino 
group at 3.65 ppm (Figure 3.10). Sharp IR absorption bands
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due to the primary amino group were observed at 3384 cm'1, 
3485 cm"1, and 1625 cm"1 (Figure 3.12). The mixture was 
observed to undergo color changes from amber-brown to 
yellow, then creamish white to green during the reaction. 
Complete reduction occured when the green color persisted. 
The presence of primary amino substituents was confirmed by 
adding a few drops of the reaction mixture to ninhydrin test 
solution; the formation of a deep blue color occured within 
seconds. Significant decreases in the solubility of the 
polymers in halogenated hydrocarbons and other organic 
solvents including DMSO were observed. However, the amine 
functionalized polymers were still soluble in DMF and NMP 
and films could be cast from these solvents.
When TiCl4/LAH was used as a reducing agent for the 
nitrated BSA PSF, polymer chain cleavage occurred as shown 
by a significant decrease in viscosity, and additional peaks 
in the XH NMR (1.65 ppm, 1.69 ppm) spectrum of the product. 
Reduction was confirmed by NMR and IR; the presense of a 
broad band in the XH NMR at 3.67 ppm (N-H) (Figure 3.4) , and 
the appearance of the amino IR absorption bands at 3377 cm'1 
and 3491 cm'1 (Figure 3.6) are strong indicators of the 
desired structure. Note that the IR spectral bands are not 
as sharp as those observed in the spectrum of samples 
reduced with dithionite. This suggests that side reactions 
have introduced a mixture of partially reduced and or 
rearranged structures. Thus, the TiCl4/LiAlH4 reducing
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agent is not suitable for polymer reductions.
Sulfurated sodium borohydride proved to be a milder 
reducing agent than the TiCl^/LAlH/;. The observed change in 
viscosity was minimal, and no evidence of bond scission was 
observed in the NMR spectrum of the polymer. Complete 
reduction was confirmed by the disappearance of the IR 
absorption band due to the nitro group at 1530 cm"1, and the 
appearance of absorption bands at 3382 cm"1 and 3480 cm'1, due 
to the amino group (Figure 3.9). No significant change in 
solubility was observed with aminated polymers produced with 
sulfurated reagent compared to that of sodium dithionite 
reduced polymers.
The modified polymers were characterized by NMR, FT-IR, 
DSC, and viscosity measurements. The assigned 13C NMR 
chemical shifts for each modified polymer were compared with 
the calculated values using the additivity rule6* (Table 3.1 
- Table 3.12). Comparison of 13C NMR chemical shifts of the 
aminated BSA PSF polymers using sodium dithionite, 
sulfurated borohydride, and TiCl^/LAH, (Table 3.2) showed 
the effectivity of these reagents for reduction of nitro 
substituents. In spite of obvious differences in physical 
properties, the spectra of samples reduced with sodium 
dithionite[2 0 ] and with TiC^/LAH[ 18] are essentially 
identical. However, in the spectrum of samples reduced with 
sulfurated borohydride[19], the chemical shift of the carbon 
labeled C5 on the amino substituted aromatic ring is shifted
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upfield by 2 ppm. This indicates that a side reaction may 
be introducing addition substituents unto the ring and one 
must use sulfurate borohydride for reductions with caution.
Electrophilic phthalimidomethylation of arylene ether 
linkages with N-hydroxymethylphthalimide in the presense of 
a trifluoroacetic acid/trifluoromethanesulfonic acid 
catalyst mixture proceeds cleanly. The 1H NMR of 
phthalimido-methylated Bi/Hq PSF showed evidence in 
competitive substitution between positions ortho to the 
biphenol ether linkage and ortho to the hydroquinone ether 
linkage in a 1:2 ratio. The electrophilic substitution 
favors the hydroquinone rings because they are doubly 
activated by the bis ether linkages. The degree of 
functionalization of the polymers was held around 1.0 to 
assure that the corresponding amine derivatives would remain 
soluble. Previous work in our laboratories had demonstrated 
that polymers with higher degrees of functionalization could 
be produced and hydrolysed, but the resultant polyamines 
were insoluble in all solvents examined153. The IR spectra 
of the substituted polymers showed sharp absorption bands 
due to the presence of the phthalimide carbonyl group (1725 
cm'1 for Bi PSF, 1716 cm'1 for Bi/Hq PSF) . The phthal­
imidomethylated polymers of Bi PSF and Bi/Hq PSF were all 
soluble in both halogenated and organic solvents like DMF. 
DMSO, DMAC, and NMP, and exhibited only a relatively small 
increases in glass transition temperatures (Table 3.13).
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Hydrazinolysis of the phthalixnide group was not as 
facile as the introduction of the phthalimidomethyl group. 
The extent of hydrazinolysis was followed by observing the 
disappearance of the IR absorption peak due to the carbonyl 
group of the phthalimide, and the appearance of the 
absorption peak due to the amino group (Figure 3.36, Figure 
3.40). It was necessary to add ethanol to the solvent 
mixture and run the reaction for at least 24 hours to effect 
complete hydrazinolysis. All the aminated derivatives gave 
positive results to ninhydrin test solution. Unlike their 
phthalimide percursors, the aminomethylated polymers were 
not soluble in halogenated hydrocarbons, but still 
maintained their solublity in DMSO, NMP, and DMF. Films 
could be cast and plates coated for X-ray irradiation.
Significant increases in glass transition temperatures 
and intrinsic viscosities were observed in the aminated and 
aminomethylated polymers relative to the parent polymers.
An exception to this observation was the nitrated BSA PSF 
reduced with TiCl4/LAH. This polymer exhibited a decrease 
in viscosity to half as much due to bond scission. The Bi 
PSF amino functionalized polymer showed the biggest increase 
(40 °C) in its glass transition temperature. Hydrogen 
bonding to neighboring sulfone groups combined with the 
regular structure of the backbone to produce very stable 
glass.
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Table 3.1 Comparison of Calculated and Experimental
13C NMR Chemical Shifts of Nitrated BSA/PSF, [11]
Cfl3 a 3/N°2 a *







4 149.2 153 . 3
5 119.4 119.8











Table 3.2 Comparison of Calculated and Experimental 13C NMR 
Chemical shifts of Aminated BSA PSF Reduced by 
TiCl^/LAH [18], Sulfurated Borohydride [19], 




c Calc. 18 20 19
1 146.6 148.8 148.6 148.5
2 113 . 0 115.7 115.6 115.7
3 137.8 138.2 138.2 137.9
4 142.7 147.2 147.3 147.6
5 119.9 119.8 119.7 117.7
6 115.9 116.6 116.6 116.6
7 164.4 161.7 161. 6 161.7
8 120.2 120.7 120.7 119.8
9 127.1 128.4 128.4 128.5
10 138.8 138.9 138.9 139.7
11 42.6 42.3 42.7
12 30.6 30.8 30.9
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Table 3.3 Comparison of Calculated and Experimental — C NMR
Chemical Shifts of Nitrated Bi/Hq PSF, [21],
c Calculated Expt. C Calculated Expt.
1 153.1 155.2 14 119.5 118.3
2 114.0 115.2 15 127.7 128.9
3 138.9 136.9 16 136.2 135.3
4 147.0 149.7 17 137.0 135.7
5 120.1 120.3 18 133.7 133.5
6 125.3 125.9 19 120.3 118.9
7 164.4 161.8 20 151.3 151.8
8 120.2 122.0 21 139.1 137.4
9 127.1 129.9 22 122.4 123.4
10 138.8 136.0 23 164.4 162 . 0
11 120.2 122.0 24 120.2 122.0
12 164.4 161.5 25 164.4 160. 0
13 156.6 155.4 26 120.2 122.0
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Table 3.4 Comparison of Calculated and Experimental — C NMR
Chemical Shifts of Aminated Bi/Hq PSF Reduced by
Sodium Dithionite, [22].
c Calculated Expt. C Calculated Expt.
1 153 . 6 153.7 14 119.5 117. 3
2 106.9 106.9 15 127.7 128.0
3 138.5 136. 3 16 136.2 136.0
4 139.9 142.2 17 137.5 136.9
5 120.6 121.0 18 118.2 116.8
6 109.8 108.8 19 120.8 121.4
7 164.4 161.1 20 144.2 143.8
8 120.2 119.2 21 138.7 137.9
9 127.1 126. 6 22 115.3 116.4
10 138.8 137.9 23 164.4 161.1
11 120.2 119.8 24 120.2 119.8
12 164.4 161.1 25 164.4 161. 0
13 156.6 156.1 26 120.2 119.2
i
204
Table 3.5 Comparison of Calculated and Experimental ^C NMR
Chemical Shifts of Nitrated Bi/TBH PSF, [23].
23
c Calculated Expt. C Calculated Expt.
1 149.8 149.7 14 119.5 120.1
2 114.0 115.2 15 127.7 128.7
3 135.9 133.5 16 135.7 136. 0
4 147.0 143.5 17 122.4 123.4
5 116.8 116.9 18 139.1 139.9
6 147.5 144 . 3 19 151.3 151.1
7 164.4 162.0 20 120.3 122.7
8 120.2 120.7 21 133.7 131.4
9 127.1 129.8 22 137.0 136.0
10 138.8 137.0 23 164.4 162.0
11 120.2 120.7 24 120.2 120. 3
12 164.4 161.8 25 29. 3




Table 3.6 Comparison of Calculated and Experimental &C NMR




c Calculated Expt. C Calculated Expt.
1 150.2 151.5 14 119.5 118.0
2 106.5 109.7 15 127.7 129.9
3 135.3 135. 0 16 135.7 135.1
4 139.5 139.5 17 115.3 115.5
5 117.2 116.2 18 138.7 138.1
6 131.9 132.0 19 144.2 145.8
7 164.4 161.7 20 120.8 123.1
8 120.2 120.6 21 118.2 118.0
9 127.1 129.9 22 137.2 137.0
10 138.8 135.0 23 164.4 161.7
11 120.2 120.6 24 120.2 120.6
12 164.4 161.7 25 30.4
13 156.6 156.0 26 34.1
Table 3.7 Comparison of Calculated and Experimental



















Table 3.8 Comparison of Calculated and Experimental — C NMR




















Table 3.9 Comparison of Calculated and Experimental — C NMR
Chemical Shifts of Phthalimidomethylated Bi PSF, [27].
c Calc. Expt. C Calc. Expt.
1 136.0 135.4 11 156.6 157.1
2 126.1 127.6 12 119.5 118.0
3 134.4 135.1 13 127.7 129.9
4 155.0 154.1 14 136.2 135.4
5 119.3 117.7 15 66.1
6 125.7 123.5 16 167.8
7 164 .4 161.2 17 133.6 134.9
8 120.2 120.7 18 127.3 127.8
9 127.1 128.5 19 132.6 131.3
10 138.8 136.1
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Table 3.10 Comparison of Calculated and Experimental — C NMR
Chemical Shifts of Aminomethylated Bi PSF, [28].
15
CH jjN H j,


















15 62 . 0
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Table 3.11 Comparison of Calculated and Experimental &C NMR
Chemical Shifts of Phthalimidomethylated Bi/Hq PSF, [29].
00 a  co
\ /v
CB. N(C0)sPh 
it »  17 .
* * » »
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c Calc. Expt. C Calc. Expt.
1 152.1 154.6 15 127.7 128.8
2 117.7 117.9 16 136.2 136.8
3 134.2 135.2 17 126.1 128.7
4 150.7 151.8 18 134.4 135.7
5 119.1 120.6 19 155.0 154.6
6 117.3 117.5 20 119.3 120.6
7 164.4 161.8 21 125.7 128.1
8 120.2 121.9 22 37.0
9 127.1 129.8 23 167.8
10 138.8 137.5 24 133.6 134.2
11 120.2 121.1 25 127.3 128.8
12 164.4 161.5 26 132.6 131. 8
13 156.6 154.6 27 123.0 123.3
14 119.5 117.7
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Table 3.12 Comparison of Calculated and Experimental — C NMR










7 164 .4 161.9
8 1 2 0 . 2 122.0
9 127.1 129.5









Table 3.13 Properties of Aminated and Aminomethylated 
Poly(arylene ether)sulfones.
Polymer n Tg °C
1 . BSA PSF 0.49 189
a) Nitration 0.33 189
b) Reduction
i . Ti (0), LAH 0.15 210
ii. S, NaBH4 0.48 218
iii. NajSgO^ 0.45 212
2 . Bi/Hq PSF 0.76 199
a) Nitration 0.75 200




d) Hydrazinolysis 0.80 210
3 . Bi PSF 0.50 218
a) Nitration 0.46 219




d) Hydrazinolysis 0.56 230
4. Bi/TBH PSF 0.49 219
a) Nitration 0.46 220
b) Reduction 0.56 240
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3 . 6  Conclusion
The functionalization of poly(arylene ether sulfones) 
by amination and aminoxnethylation can be accomplished by a 
two step synthetic approach based upon electrophilic 
substitution. The presense of activated aromatic rings, 
i.e., arylene ether substrates is essential for successful 
application of the techniques. Completely aromatic 
poly(arylene ether sulfones) prepared from biphenol and 
hydroquinone monomers are less likely to undergo 
rearrangements and chain cleavage than polysulfones derived 
from bisphenol-A. The isopropylidine linkage in bisphenol-A 
may be cleaved by an ipso displacement during the 
substitution process leading to lower molecular weight 
modified polymers. Thus all aromatic polysulfones are the 
substrates of choice for polymer modification reactions.
Amination can be effected by regioselective 
introduction of the nitro functional group with NH4NO3 in 
the presense of strong organic acids. After evaluating 
three different reducing agents; sodium dithionite, 
sulfur/sodium borohydride, and titanium tetrachloride/ 
lithium aluminum hydride, it is clear that sodium dithionite 
produces the cleanest aminoarylene subunits. The hydrogen 
bonding characteritics of the amino substituent can be used 
to increase the glass transition of poly(arylene ether 
sulfones) as much as 40°C. This phenomena should be useful 
in producing membranes with high temperature applications or
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in coating packing materials for gas chromatography columns.
Electrophilic aminomethylation of arylene ether 
subunits can be achieved by initially treating the resins 
with N-hydroxymethylpthalimide in the presence of strong 
protic solvents; trifluoroacetic acid and trifluoromethane- 
sulfonic acid. Subsequent hydrazinolysis in the proper 
solvent mixture will liberate the aminomethyl groups, which 
are strong bases and readily accessable nucleophiles. Thus 
the aminomethylated polysulfones are more suitable for 
subsequent modification by grafting or acylation than the 
corresponding aminoarylene derivatives.
CHAPTER 4
DIRECTION FOR FUTURE RESEARCH
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Much of our work in polymeric synthesis and 
modifications were directed towards the preparation of new 
polymers which can be utilized as photoresists for soft 
x-ray lithography. It is then germane to our research to 
characterize the resist potentials of these polymers.
From the initial studies done on the characterization 
of the silylated polymers, we were able to establish the 
conditions needed for the dissolution and spin coating of 
the polymers from 5% and 10% solution of 1,2-dichloroethane 
onto silicon wafers. Film thicknesses can easily be altered 
by varying the spin rate and solution concentrations. 
Optically clear coatings which exhibit good tear resistance 
are formed after drying the plates at 100°C for 45 minutes.
Initial flood exposures to soft x-rays at 3 x 106 Rad, 
of the silylated polymers spun in 3-inch silicon wafers at 
10 Kv gave no indication of degradation or crosslinking at 
8 mJ/cm2. Either these materials are very stable to 
radiation or a higher exposure dose is needed.
Unfortunately the equipment currently available on campus 
does not emit a high enough X-ray flux to make higher 
radiation doses in a practical exposure time. Future x-ray 
exposures are now planned; exposures of 500 mJ/cm2 or more 
are quite feasible using the synchrotron. Our preliminary 
experiments do indicate that the silylated polymers are not 
exceptionally sensitive to X-rays so further modifications 
will be required to produce resists with sensitivities
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suitable for commercial applications.
Although our final goal is to make available polymeric 
resists which are subject to dry development processes such 
as reactive ion or plasma etching, the unavailability of 
these tools at the moment has led us to examine solvent 
development of the exposed polymers. We anticipated that 
radiation induced cleavage would introduce phenolic end- 
groups and thus enhance the solubility of the exposed 
polymers in alkaline media. Indeed, tetramethylammonium 
hydroxide diluted with isoamyl acetate appeared to induce 
selective etching of the exposed regions. Post-exposure 
processing conditions such as temperatures and times needed 
for soft baking and/or hard baking of exposed polymers, 
sequence of solvent development, i.e. rinsing, soaking or 
spraying also remain to be established. Future work in the 
development area awaits the arrival of a stronger exposure 
tool.
The aminated and aminomethylated polymers synthesized, 
are just a single step away towards the introduction of the 
trimethylsilyl functional group. One approach to enhancing 
the sensitivity of the resists is to use chemical 
amplification of the radiation absorbed. The amino 
functional groups could be protected with an acid labile 
functional group. Catalysts which release protons upon 
exposure to irradiation, i.e. triphenylsulfonium arsenic 
hexafluoride, may be employed to generate an acid flux in
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the exposed regions of the polymers. Subsequent heating 
will promote acid cleavage of the leaving groups and 
liberate free amine surfaces, which are sensitive to gas 
phase silylation. Exposure of the post-developed resists to 
gaseous hexamethyldisilazane should introduce enough silicon 
to convert the exposed regions into barriers for oxygen 
reactive ion etching. Thus the resists could be developed 
to a positive image without employing any solvents.
Alternate exposure developement schemes can be visualized so 
the silylamine functionalized polymers also may have many 
potential applications in the microelectronics industry.
Utilization of condensation polymers in the production 
of microdevises has been limited to polyimides employed as 
dielectric planarizing layers and fiberglass mother boards. 
Development of submicron lithography requires materials 
which combine ultrasensitity to X-ray radiation with high 
thermal stability and low dielectric potentials.
Condensation polymers exhibit physical properties more 
consistent with these requirements than addition polymers. 
Increased use of condensation polymers will hinge on the 
ability to make the selective modifications to taylor the 
properties to the specific application. The work described 
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